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ABSTRACT

The ever increasing need for technology development requires the integration of inexpensive,
light weight and high strength materials which are able to meet the high standards and
specifications for various engineering applications. The intention of this work is to show that the
suitable material selection and the utilization of plasma spray processing can be of potential
interest to a large number of industrial, biomedical and everyday life applications. This research
demonstrates also that plasma processing is a promising engineering tool for multifunctional
coatings and near-net-shape manufacturing. Further, the theoretical and experimental results are
combined in order to explain the mechanisms behind nanostructure retention and enhanced
properties. Proper design of experiments, an appropriate material selection and experimental
methodology are discussed herein. The experimental conditions were optimized in order to
achieve the best materials properties according to their explicit properties and functions. Specific
materials were consolidated according to their prospective performance and applications: 1)
Plasma spraying of nano-Ceria-stabilized Zirconia free form part for stem cells scaffolds, 2)
Plasma spraying of FeCrAlY on Ti-alloy plate, additionally coated with nano-size
Hydroxyapatite for bone tissue engineering, 3) Wire-arc spraying of nano-based steel wires for
aerospace and automotive applications. The performance and characteristics of all of the
developed coatings and free-form-parts are evaluated using state-of-the art characterization
techniques.
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CHAPTER ONE: INTRODUCTION

The ever increasing need for technology development requires the integration of the inexpensive,
light weight and high strength materials which are able to meet the high standards and
specifications for multipurpose functions in various engineering applications. However, in order
to design a high strength and reliability material, it is necessary to understand how its
microstructure, strength and possible applications evolve during fabrication. Nevertheless, in
particular to the nanostructured materials, there are still numbers of complexity associated with
the preparation, consolidation and manufacturing experimental techniques.

At present the researchers have demonstrated that there are two major approaches for developing
nanostructured materials. The first approach is top-down from the macro- to nanoscale. The
second approach is by assembly of atoms or particles using the bottom-up method. The
nanoparticles obtained from both approaches are usually consolidated using well known
techniques such as pressureless sintering, cold or hot uniaxial pressing, cold or hot isostatic
pressing (HIP), spark plasma sintering (SLS), plasma spray forming, magnetic compaction, rapid
forging etc. In the last years the thermal processing of materials has developed with a major
impact in many areas of manufacturing. Yet, the retaining the nanostructures and controlling the
properties of the deposition during thermal processing still possess major challenges.

Thermal spraying is a method where a material (a powder or wire) is processed at high
temperature and accelerated as individual particles or droplets toward a surface. The particles
deposit on the substrate, solidify and deform forming a compound lamellar structure. Usually the
1

deposition is not homogenous and contains a certain degree of porosity. The properties of the
applied coating are dependent on the sprayed material, the thermal spray technique and the
process parameters. The adhesive bonding between the substrate and the coating: mechanical,
chemical, or metallurgical are also influenced from the above parameters. A proper control over
particle properties (size, speed and temperature) and trajectories is required in order to customize
the process and deposition properties for various applications.

Usually a “superior quality” thermal spray coating for structural applications is characterized
with a high density, high hardness, excellent wear, corrosion and high temperature resistance. On
the other hand, for biomedical applications typically high porosity coatings and free form parts
are preferred. Hence, in order to define a “high-quality coating” one need to consider a complex
group of subjects such as the nature of the material, the microstructure, the density, the hardness,
the adhesion, the thickness and the roughness of the thermal deposition according to its specific
applications.

Therefore, the main objective of the current research is to investigate a variety of methods for
consolidation of advanced nanomaterials toward enhanced strength and fracture toughness
coatings and near - net - shape components for diverse environments and applications. Specific
examples include:

1.

Plasma spraying of Ceria-stabilized Zirconia free-form-part for biomedical
applications and stem cells adhesion

2

2.

Plasma spraying of FeCrAl coatings on Ti-alloy plate, additionally coated with nanosize Hydroxyapatite for bone tissue engineering

3.

Wire-arc spraying of nano-based steel wires for aerospace and automotive
applications

In this research three different nano-composites were consolidated using advanced thermal
processing techniques such as plasma spraying and wire arc. Two of the systems, a coating and a
free-form-part were particularly designed for biomedical applications, thus the high porosity for
bone tissue growth on the deposition was desired. On the other hand, dense, nano-based steel
coatings were developed using wire arc technology for a large range of structural applications
such as aerospace and automotive. The thermal processes parameters, particles in flight
characteristics and the depositions density and morphology were in depth analyzed in this work.

The primary intention of this research is to demonstrate the benefits of the plasma nanomanufacturing of near-net-shape components with various shapes and sizes. In the preliminary
investigation a correlation between the properties and densities of each coating and free form
part for the specific applications was completed and the best parameters for controlling the
porosity of the material were established.

It was concluded that the plasma sprayed Ceria Stabilized Zirconia has excellent
biocompatibility and hence was successfully applied in the stem cells attachment experiment. As
a consequence of this research recently a UCF patent disclosure has been filed. Further, the
effect of the FeCrAl interface layer for increase the adhesion between the Ti-implants and

3

Hydroxyapatite layer was investigated. Using the wire arc method nano-based coatings with high
strength, good wear, and oxidation resistance were developed. In this work the appropriate
design of experiment (DOE) was created for each material and the suitable experimental
methodology.

Plasma

Wire Arc

Processing

Processing

Ceramic

Metal-based

Free-Form-Part

Coating

Biomedical

Structural

Applications

Applications

Figure 1: Outline of the specific experiments and examples discussed in this research
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CHAPTER TWO: LITERATURE REVIEW

2.1. The Nanotechnology and Its Impact

The nanotechnology research utilizes the relations between the new discoveries and advances in
technology with the ever-growing society needs. According to the National Science Foundation
source [1] the potential impact of nanotechnology is expected to be as following: 31% for
materials development, 28% in electronics, 17% pharmaceuticals, 9% chemical manufacture, 6%
aerospace, 2% tools, 3% for improving the healthcare, and 4% sustainability [1]. At present the
nanotechnology finds a large number of applications in many aspects of our lives and very often
the nanotechnology is associated with “small size matter with big extent functionality” [1]. The
purpose of the current nanotechnology research is to explore the advanced properties of the
materials holding promises for large range of applications such as high strength, high fracture
toughness, high temperature and corrosion resistance.

The development of the nanotechnology and the increasing the range of applications of the
nanostructured materials lead to consequential advances in other technology areas as well.
Nowadays the new nanotechnology development takes significant fractions of the industrial
production, healthcare, and environmental protection. We are associating the nanomaterials with
the high requirements of the electronic, magnetic and optical devices in our lives. As part of our
everyday improving standards of living there is a need for better computer design and increasing
the computed power and communications. A numbers of electronic devices such as automotive
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sensors, solid-state compases, etc. are closely associated with the nanostructure of the applied
materials.

In the days of catastrophic environmental problems, the nanotechnology and its applications are
also present. New nanoscale materials are developed for the need of purifying the water, new
energy sources, and self-cleaning membranes for the solving the problems with water and air
pollutions. Most of the environmental protection associated materials are with the influence of
the self-assembly process in the nanoscale materials, applicable for the cleaning membranes.

Many car and gas burners technology use the advantages of the nanoscale catalytic converters. If
such coatings are applied, harmful emissions such as carbon monoxide, nitrogen oxides,
unburned hydrocarbons could be converted into environmentally friendly by-products such as
nitrogen, water and carbon dioxide [1]. Because of their high surface area the nanomaterials in
general are considered 10 to 1000 times more reactive than the conventional materials. At the
present time of the revolutionary car development the need of the nanostructured catalysts, which
prevent the release of the Carbon Monoxide in the air, is more that necessary.

The effect of the nanosized materials is seen again in the improvement of the human conditions
as anti-aging, drug therapies and genetic variations along with assisting the low solubility
substances as drugs. The most recent steps toward the localizing, treating and isolating cancer
cells and tumors use different methods for targeting of tumors with nanoparticles in the range 50
to 100 nm. It should be noted that with larger particles size such effect is impossible due to their
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low mobility into the tumor. Most of the present day’s prostheses, sensor-based systems, and eye
and ear implants are entirely related with the nanotechnology revolution.

The drive toward developing of materials with smaller particle size, light weight and improved
properties affects also large array of applications in the field of homeland security, space
exploration, and other social issues. This incredible impact of size reduction in the material
development illustrates the potential of nanotechnology to revolutionize the future of all
industries and the everyday quality of life.

2.2. Challenges in Synthesis and Design of Nanostructures

There are two basic methods for design and fabrication of nanostructures. The first method
involves building up of clusters from individual atoms and molecules [7]. This method includes
evaporation, condensation toward nucleation and growth along with the different aerosol
processing, electrodeposition [10-13], microemulsion [14-18] and sol-gel processing [8, 19-22].
The other method incorporates the process of breaking up bulk materials using mechanical
milling; lithography and other well developed techniques [7]. Both of these approaches involve
careful control of two aspects: the size and composition of the cluster formation components, and
second: of the reaction and processes at the interfaces and distribution of the newly developed
nanostructures in the rest of the material [8]. Thus, the careful manipulation and control of both
of these aspects would lead to the enhanced thermal, chemical and functional stability of the
nanostructures.

7

2.2.1. The Classical Nucleation Theory

The formation of small nanoparticles usually follows the known nucleation principles. The
classical theory of nucleation explains the steady-state nucleation rate along with the clusters
growth rate [2]. It also involves the probabilities of adsorption and desorption of an atom
comparative to a cluster dependent of its size. The nucleation process is associated with the
minimum energy principles and usually with the bonding of atoms, energy is released. In
general, a nucleus is required to serve as a nucleation site in the nucleation and growth process.

If there are existing impurities in the material, the nucleation usually begins at their sites
(heterogeneous sites). Thus, with decreasing the temperature, these sites become initiations of
the heterogeneous nucleation. Several nuclei can solidify and the crystal will grow. Further, the
process is accompanied with joining the crystal and forming a grain boundary. The
characteristics of the grains vary in orientation and size. Very closely related to the grain size
specifications are the material properties, as with the decreasing the grain size the hardness of a
material increases (Hall-Petch relationship) [3].

With the formation of a solid nucleus in a matrix, the new solid-matrix interface is introduced.
Thus, the interface is characterized with a specific interfacial energy per unit area. The nucleus
with a spherical form has very low surface to volume ratio [4] and very low total interfacial
energy [5]. The total energy of a system for production of solid nucleus is dependant of both the
surface and the bulk energies and it can be expressed as (1):

8

dG S − L = γ SL ⋅ surface ⋅ area ⋅ of ⋅ nucleus + dGv ⋅ volume ⋅ of ⋅ nucleus

(1)

Where γSLis the interfacial energy per unit area and Gv is the energy of the bulk [4]. Therefore,
high surface area can be achieved with developing particles with high surface-to-volume ratio
[7]. The high surface-to-volume ratio of the nanomaterials is unique and unlike that of the
conventional materials. Such fact leads to their specific properties and high range of applications.

Yet, the high range of applications would be impossible to be achieved with a lack of data and
experiments on the fundamental scientific issues of the nanomaterials such as their synthesis and
assembly. Therefore, the understanding of the structures, the interplay of atoms, and even
electron interactions are very essential issues in solving big problems associated with the design,
consolidation and applications of the nanostructured materials.

2.2.2. Microemulsion

One of the widely known methods for nanomaterials synthesis is the microemulsion process,
based on a reverse micelle principle. In the microemulsion the molecules of the surfactants
contain a polar group and a long hydrophobic carbon chain, usually described as head and tail.
When these molecules are dissolved in water, along with their polar groups form hydrogen bonds
shape unique spherical structures, known as micelles (Fig. 2). According to the studies [14] the
shape and the size of the nanodroplets produced by microemulsion are dependent of the free
energy as well as the elastic constant and the curvatures of the film of the surfactant. The control
the reactant concentration highly affects the size of the particles.
9

Reverse Micelle

Figure 2: Reverse micelle produced with a microemulsion

Recently due to the multiple applications of the nanosized gold many questions have raised on
the successful assembling of nanoparticles. For example, Gold nanoparticles can be efficiently
covalently linked with Fab` antibodies and many biologically active cells such as lipids,
peptides, carbohydrates and other small molecules [15, 18].

2.2.3. Self-Assembly

The process of the self-assembly in materials involves the interactions of large number of atoms
and molecules. This mechanism incorporates two types of relations and bonding: between the
atoms and molecules and between the molecules and the template [7]. Hence, different types of
10

bonding (Van der Waals, Coulombic and hydrogen bonding) and their strength and stability need
to taken under considerations. Thus, the “hierarchy” of these bonding can give information for
the length and stability of the newly assembled structures and networks.

Due to their excellent electric properties the Si and other types of nanowires and their importance
as field-effect transistors they have become objects of study by many researchers. Such devices,
based on the self assembly principles, found large number of applications as nanodevices for
equally random-access memory and programmable logic [9]. In addition, many semiconductors
nanowires can be used as sensors for chemical and biological applications. Researchers [9] have
developed highly sensitive sensors for detection of cancer marker proteins (prostate-specific
antigen) using antibody-modified nanowires.

2.2.4. Sol-Gel Technique

The sol-gel silica polymer formation goes under hydrolysis or condensation reactions usually
using tetraethylorthosilicate (TEOS) as a precursor [19-22]. As a rule, the alkoxide (TEOS) is
dissolved in alcohol and hydrolyzed by the addition of water under acidic, neutral or basic
conditions. During the hydrolysis the alkoxide ligand is replaced with a hydroxyl liquid, while
with the condensation the hydroxyl ligands create polymers composed mainly of M-O-M bonds
[21]. The mechanism of the sol-gel reaction generally follows the path: the first stage of the
process is associated with hydrolysis of alkoxy groups [19-22] (2):

M-OR + H2O Æ M-OH + ROH

(2)
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In the second stage there is an initiation of the formation of the branched networks (3, 4):

M-OH + XO-M Æ M-O-M + XOH

(3)

M-OH + HO-M Æ M-(OH) 2-M

(4)

Where X=H when the hydrolysis ratio H2O/M >2, and X=R when H2O/M <2. The first reaction
corresponds to the oxygen bridges formation, however the second, usually faster one, is
associated with the hydroxo-bridges formation. The morphology of the sol and gel and their
stability, as well as the kinetics of the reaction are closely dependent of the hydrolysis ratio,
mater content, the use of catalysts, the nature of solvents, the temperature, etc.

2.2.5. Ball Milling

Very often it is projected that minimization of the grain size to the nanoscale can be achieved
through ball milling. The ball milling is believed to occur in the following microscopic steps:
During the first stage there is a high-energy grain boundaries formation inside the powder grains
as result of mechanical grinding. The second stage is associated with the transformation of the
powder into nanosize. Thus, as result of the mechanical impact, the formation of the high angle
grain boundaries is associated with breaking the long-range order translational symmetry.
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The small size particles are characterized with high lattice strains as result of milling. For the
purpose of studying these transformations usually Transmission Electron Microscopy (TEM) is
engaged. In addition X-Ray Diffraction (XRD) finds a major role in characterization of the ball
milled powders. Hence, a peak broadening in the ball-milled powders is often observed due to
the lattice strains associated with the small particle sizes. Further, any changes in the crystal
structure would also be reflected and needs to be correlated with the XRD data.

2.3. Consolidation of Nanopowders

Isostatic and hot pressing osmotic consolidation, plasma, activated sintering, shock compaction,
sinter forging are some of the major techniques which have been experimented to consolidate
nano-powders into a dense and solid components. The benefits and disadvantages of each
method should be carefully investigated according to the specific performance and application of
the composite.

For example, in the initial stage of the project, the consolidation of Ni-alumina powders to bulk
nano-components was desired. The results from the Hot Isostatic Pressing (HIP) method
indicated that a fully densified Ni-Alumina nanocomposite is nearly impossible mainly due to
the growth of the nanoparticles. The Ni particles were found to grow as large as 200 nm (Figure
3).

13

Alumina

Ni-nanoparticles

175 nm

200 nm

200 nm

Figure 3: Ni-reinforced Alumina produced by the High Isostatic Pressing method

More effective direct beam consolidation (Figure 4) show very homogeneous Ni-particles
dispersion. The average Ni clusters size formed on the alumina surface was estimated to be
approximately 50 nm. However, it was clearly seen that the size of the clusters depends of the
experimental conditions. The direct laser sintering showed that it is more effective then the HIP
method. However, it was found that the higher is the applied laser power the larger is the size of
the consolidated nickel particles. In order to make fully dense composite, it was necessary to go
for higher power, which on the other hand exhibited particle growth and loss of nanostructure.
Therefore, it was concluded that the process is cost- and time-ineffective and material-selective.
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(a

(b

Figure 4: The microstructure of laser-treated Ni-coated alumina green compact indicates (a) the formation
of nickel nanoparticles and (b) the sintering of alumina particles.

In order to utilize the full benefits of the nanocomposite, it is not only required to have full
densification but also to maintain its nanocrystalline structure. As indicated earlier, fulfilling
such requirements is not possible by conventional consolidation techniques like hot pressing, hot
isostatic pressing, cold pressing and sintering. Hence, plasma processing has become very
important for bulk nanocomposites manufacturing.

Plasma spray forming (Figure 5) is faster, economical and suitable in large range of applications
as compared to HIP and laser direct consolidation methods. In the plasma processing the
agglomerated particles are injected in the plasma jet where the particles flow with the help from
a carrier gas. The powder is simultaneously melted and accelerated to a rotating mandrel for
achieving the desired shape and size of the component. The density of the deposited materials is
highly dependent of the plasma velocity, which consequently affects the time of the particle’s
exposition to the heat and the kinetic energy they have at time of reaching the mandrel. The
15

plasma parameters can be controlled so that one can engineer material with varying shape,
thickness and geometry. Mainly the plasma composition, temperature, enthalpy, and velocity
fields govern the plasma process.

(a)

(b)

Figure 5: Plasma spraying representation

2.4. Densification of Nanocomponents

The large numbers of particle-particle point contacts per unit volume in the nanocrystalline
powders pose a major problem during the compaction process with the previously discussed
conventional techniques such as HIP and lasers. The increased frictional forces and presence of
agglomerates/aggregates enhance the compaction stresses further. Such situation results in a
large amount of residual stresses in the green body and even fracture of the ceramic during
subsequent handling or sintering. Moreover, these techniques employ high temperature and take
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long processing times which lead to excessive grain growth, thereby nullifying all those unique
set of desired physical and chemical properties associated with the nanograin size.

Sintering of nanoparticles [26, 27] holds additional problems of high reactivity, very high chance
of contamination like gas absorption, grain coarsening and loss of the unique nanofeatures.
Sometimes nanoparticles are free of dislocation sources and hence their plastic deformability is
likely to be poor requiring high threshold compaction pressure. Other factors like diffusioninduced grain boundary migration, and boundary-energy-induced rotation may alter densification
mechanism in nanoparticles [27]. During the densification/fabrication of nano-size powder, the
average grain size increases simultaneously with the pore shrinkage [24]. The reduction of the
total surface area of powder particles is the main driving force that gives rise to the grain growth
during fabrication [28]. Besides, free-energy difference (ΔG) exists across a curved grain
boundary as per equation (5):

⎛1 1⎞
ΔG = γV ⎜⎜ + ⎟⎟
⎝ r1 r2 ⎠

(5)

where, γ is the interfacial boundary energy; V is the molar volume, and r1 and r2 are the principal
radii of the curvature. The grain boundary free energy is always higher for small radius of
curvature. Since the radius of the curvature is directly proportional to the grain diameter, the rate
of grain growth is inversely proportional to the grain size (δ). Precisely, the grain growth rate is
related to the instantaneous grain size by the equation of the form (6):
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dδ k
=
dt δ

(6)

The grain size can be deduced as a function of sintering time at constant temperature by
integrating the expression (7):

δ − δ 0 = ( 2k )1 / 2 t 1 / 2

(7)

where δ and δ0 are the grain diameters at time, t = t and t= 0 sec, respectively, and k is a constant.
The shape of grain also plays a vital role on the rate of grain growth during the densification of
the nanoparticles. For maximizing the physical and chemical properties, in addition to
controlling the grain growth, the theoretical density can be achieved by eliminating the porosity
during densification by the mass transfer from one part of the structure to the other [24, 29]. Both
the size and the shape of the pores change continuously during the process. As the fabrication
process continues, the pores become more spherical shapes with reduced size (Figure 6).

Pore

Particle

Pore rounding and
densification
Neck
formation

Full densification and
grain growth

Figure 6: Sintering and densification of nano-powders
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The driving force for closure of an isolated spherical pore of radius (r) can be expressed [30] in
terms of the pressure (p) as follows (8):

p=

2γ
r

(8)

The above equation suggests that the driving force is higher for small pores than that of the big
ones. Thus, the grain growth in the final product fabricated from loose powder particles strongly
depends on both the average particle radius and the duration of the process at a constant
temperature.

Mayo [26] reviews consolidation of nanopowders in great details. During sintering of
nanoparticles, pores smaller than the critical size shrink, while larger pores undergo the poreboundary separation. The conventional thermodynamic treatment of the shrinkage of the pore
was applied and a modified sintering law has been developed to account for the effect of pore
size on densification rate (9) [27]:

dρ k / 1
1
⎛−Q⎞
= n exp⎜
⎟
ρ (1 − ρ ) dt d r
⎝ RT ⎠

(9)

where ρ is the density, d is the particle size, n is a constant dependent on the sintering
mechanism, r is the pore radius, Q is the activation energy, R, is the universal gas constant and T
is temperature in absolute scale. The term k/ is a kinetic parameter equivalent to the rate constant
of sintering. The above equation predicts that the highest densification rate occurs for the finest
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pore size. Doping usually suppress grain growth by providing a drag force on the moving grain
boundaries.

At present, there are numerous conflicting views on the sintering behavior of the nanoparticles.
Nanoparticles showed depressed onset of sintering temperature (0.2Tm-0.3Tm) compared to that
of conventional powders (0.5Tm-0.8Tm) as reported by many researchers [31]. However, in other
investigations [32, 25], it was observed that the densification of nanomaterials required
temperatures similar to that of the coarse powder. It has been observed that the compressibility of
conventional and nanocrystalline powder was similar [33, 34] even at high-pressures [32]. In
some instances, nanoparticle sintering or pressing results in compacts with regions with high and
low densities, and corresponding regions with large and small grain sizes [35, 36], and in other
cases, a uniform grain size distribution was found to be maintained [31, 37 - 41].

Extensive studies [42-47] of the sintering phenomenon of nanoparticles have revealed that
sintering is very rapid and the process is a strong function of the particle size, sintering
temperature, and crystallographic orientation. Some possible mechanisms for sintering of
nanoparticles are dislocation motions, grain rotation, viscous flow, grain boundary slip, grain
boundary rotation after neck formation [47]. It was reported by Groza [48] that the inherent
morphological metastability is associated with topological metastability in nanopowders, which
leads to the formation of non-equilibrium phases in metal oxide systems in the nano-regime. For
example, TiO2 (>50nm), and ZrO2 (8-26nm) can be present as monoclinic [49] and tetragonal
phases [50], respectively. However, the equilibrium structure for TiO2 and ZrO2 are cubic and
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monoclinic, respectively. This phenomenon is discussed in details in the later chapters of this
work.

2.5. Applications of the Plasma Nanomanufacturing

2.5.1. Defense and Aerospace Applications

The current nanotechnology research is emphasized on maintaining the size of the particles in the
small range since the nanomaterials are expected to have unusual properties compared to the
conventional scale materials. Therefore, the goal is not just to synthesize nanoparticles but also
to control their dimensions in the nanometer scale in order to utilize the important mechanical
properties of the nanomaterials such as high hardness, strength, ductility, corrosion and oxidation
resistance. Bellow some of the important applications related to the specific properties of the
plasma nanomanufactured materials are discussed.

A wide variety of complex shapes and configurations can be manufactured using the plasma
spray technique. The high temperature of the plasma implies that virtually any material can be
processed. The success to develop free-form nanostructured materials lies in the nanostructure
retention without major grain growth. This however can be achieved by optimum control on
plasma parameters, powder feedstock, mandrel design, cooling arrangement and the substrate
temperature.
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Figure 7 shows the successful development the unique near-net-shape nanocomponents with
retained nanostructures for applications at specific extreme environments, high fracture
toughness and high temperature resistant materials for defense and aerospace applications.

(a)

(b)

1cm
500 nm

Figure 7: Plasma sprayed thick nano-MoSi2-Si3N4 (a) bulk part and, the correspondent TEM (b)
micrograph showing the homogeneous microstructures of the components

2.5.2. Energy Sector: Solution Plasma Spray

In addition to the thermal plasma spraying a solution plasma spraying is utilized to fabricate
homogeneous nanostructured porous coating layers or to seal the porosity of the bulk parts. In
the plasma flame, the liquid droplets follow a series of chemical reactions including evaporation,
droplet disintegration, pyrolysis, and melting. The droplets are deposited on a metallic substrate
at high velocity and form a solid thermal resistant coating. The liquid precursors are chosen in
such a manner that a direct phase transformation is completed in the flame to achieve the desired
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material chemistry as end applications. As a result, a unique microstructure is created which can
lead to superior toughness and strain resistance to the high thermal shocks often experienced in
gas turbine engines. The as sprayed coatings or functional layers can be applied for insulation of
the hot sections of metallic components such as vanes and blades, in combustors and engines,
often subjected to extreme conditions and high temperatures.

2.5.3. In Human Health and Biomedical Applications

The effect of the plasma sprayed nanosized materials can be utilized in the improvement of
human concerns such as anti-aging and many other therapeutic applications. Most of the present
day prostheses, sensor-based systems, and eye and ear implants can be made more efficient with
current trends in the nanotechnology revolution. For example, Zirconia has been widely used for
biomedical applications; however, in order for ZrO2 to bond to the bones, the material needs to
be stabilized for bio-compatibility with various oxide dopants. By manipulating the plasma
parameters, a highly porous structure can be produced, which can be beneficial for the cells to
spread, grow, and survive in bodily fluids.

2.5.4. Environmental Applications

Many automobile and gas burners technology can use the advantages of the nanomaterials (with
high surface area to volume ratio) as components of the catalytic converters due to the presence
of an extremely large amount of active sites for reaction. If specific type plasma sprayed coatings
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are applied, harmful emissions such as carbon monoxide, nitrogen oxides, and unburned
hydrocarbons could be converted into environmentally friendly by-products such as nitrogen,
water and carbon dioxide. Catalytic converter substrates can be produced from the plasma
sprayed ceramics. For example, due to its unique oxygen storage capacity CeO2 is often
incorporated in the three-way catalysts. CeO2 acts as an oxygen buffer by storing excess oxygen
under oxidizing conditions (oxidation) and releasing it in rich (reduction) conditions. With this
process the transformation of (Ce3+) to (Ce4+) and vice versa is advantageous. As a result, CeO2
has the capability to convert the CO and HC gases.

The combination of CeO2 with ZrO2 can be very effectively used as a washcoat for the catalytic
converter. Zirconium oxide, when used in conjunction with Ceria, also leads to greater resistance
at high temperatures. A problem that might be associated with the poisoning of the catalyst is
related to the loss of catalytic activity due to the chemisorption of impurities on the active sites
of the catalyst. For example, sulfur may affect the efficiency and oxygen storage capacity of the
catalyst. As a solution to this problem, it has been found that Ceria, in combination with either
Zirconia or Pd, has a major advantage toward the sulfur reduction reaction. Plasma spraying can
be effectively utilized for such functional coatings with improved properties.
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CHAPTER THREE: THERMAL PROCESSING AND DENSIFICATION OF
NANOSTRUCTURES

Thermal spray techniques, such as wire arc and plasma spraying, offer unlimited opportunities
for various industrial and biomedical applications. These techniques produce surfaces with
excellent wear, corrosion and thermal degradation resistance. Both of these thermal spraying
processes rely on the same principle of heating a feed stock, (Powder or Wire) and subsequent
acceleration to a high velocity. At the impact the melted or partially melted particles deform and
solidify onto the substrate forming the coating.

The velocity of the particles in flight gives information for the time that they will be exposed to
the hot plasma zone. In addition, it characterizes the degree of melting and the kinetics when the
particles reach the substrate. According to the basic thermodynamics principles the particles in
flight are characterized with certain kinetic energy. At the moment of impact, this energy is
transformed to heat, which additionally increases the temperature of the particles and the
flattening ratio as well. A high degree of melting as well as high kinetic energy can ensure the
spread of the particles on the substrate, as well as it can control the porosity and the
microstructure of the plasma sprayed component. In addition, the degree of melting and the
kinetic energy are directly influenced by various thermal processing parameters such as primary
gas flow rate, feedstock feeding rate, applied voltage, current, etc (Fig. 8) [126].
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Figure 8: Complex and interrelated effects during thermal processing

The specifications and the principles of operation of each thermal process have been studied.
However, understanding the science behind the mechanical properties, chemistry, and the
performance of the coatings has always been a challenge. If all experimental parameters that
might influence the coating performance are taken under consideration, the correlation of the
theoretical with experimental processes in thermal spray would be a complex subject. In this
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regard, the integration of the mechanical properties, in particular the stress/strain curves for all
the thermal processing is a difficult task to accomplish. In this regard, Russo et. al. [126] have
developed a method to construct such curves based on experimental evaluation of the thermal
sprayed coating (Fig. 9). It should be noted that the results generated in the figure corresponds to
similar type of materials processed with four different techniques: HVOF, Cold Spray, Plasma
Spray and Twin Wire Arc.

Figure 9: Correlation between the stress/strain ratios to the microstructure development generated during
thermal processing
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The slope of the stress/strain curves is known as the elastic or Young's modulus. The greater the
slope of the curve, the higher is the elastic modulus. Therefore, as the stiffness and the strength
of the coating increase, more stress will be required to produce a given amount of deformation.
Since the Elastic modulus is defined as the ratio stress/strain from the figure below it can be seen
that for the same indentation strain, the HVOF coatings have the higher stress. Therefore, these
coatings would withstand the stronger mechanical influence.

The high velocity oxy-fuel (HVOF) process is based on confined oxygen/fuel combustion with
the resulting flame and injected powder reaching super/hyper-sonic velocities. The process is
characterized with extended particle entrainment, increased feedstock (powder) dwell time for
acceleration, high enthalpy combustion, and high energy/heat exchange process. It should be
noted that the elastic modulus of most materials (ceramics in this case) is closely related to the
percent porosity in the microstructure. Usually the magnitude of the Elastic modulus decreases
with increase the volume fraction of porosity. This can be closely correlated with the nature of
the HVOF process. Due to the supersonic velocity of the HVOF particles in flight, they deform,
interact and bond well at impact with the substrate. However, in many applications there might
be problems associated with the high operating cost, facility requirements, noise attenuation, etc.

The twin wire arc and the plasma sprayed coatings are rather similar in their performance. As
shown above, their elastic modules are much lower than the coatings generated with the HVOF
processing. Nevertheless these coatings met the requirements in this particular research and the
HVOF coatings (due to the price and availability) are not considered here. In addition, as shown
in Chapter 4 the nano-based steel coatings produced with the wire arc are compatible to the low-
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end HVOF ones. They are characterized with very competitive hardness, porosity and tensile
strength to the HVOF. The reason for that is explained with the rapid solidification of the wire
are nano-steel based coatings, high nucleation rate in the coatings and the fine nano-structure
formation.

Wire arc and plasma spraying are considered as the methods of close similarity (Table 1), easy to
operate and low cost of both equipment and consumables (Table 3). Therefore, in this research
only these two methods are discussed. These processes were found to meet the specific research
requirements for materials selectivity, time and cost effectiveness, and the expected performance
of the coatings. The characteristics of both of these processes are presented below:
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Table 1. Comparison between the wire arc and plasma spray processing

Process

Plasma Spraying
• D.C. arc between central thoriated

• Direct heating/melting process
• D.C. arc between

W cathode [emits e- ]
& water-cooled, Cu nozzle anode

conducting/consumable wires

• Electron & ion recombination

• Air, Ar, N2 atomizing gases

• Energy used to heat gases &

• Direct melting + gas atomization,

powder : Ar, Ar/H, Ar/He,

Principles

Wire Arc Spraying

N2 plasma gases => govern jet
enthalpy

high thermal efficiency
• Limited to metals and cored
cermet, carbide, nitride etc. wires

• High power [20 to >200 kW]
• Widest materials capability

• Wire feedstocks [typically 1/16 1/8" in diameter]

• Generally use powdered feedstock
materials (could use liquids)

Specification

• Jet Temperature: 10-15,000 °C

• Arc Temperature: >25,000 °C

• Jet Speeds: typically 200-1000 m/s

• Jet Speeds: typically 50-100 m/s

• Gas Flow: 100-250 slm

• Atomizing Gas Flow: 500-3000

• Particle Speeds: 200-800 m/s

slm

• Feed Rate: 25-150 gm/min

• Particle Speeds: 50-100 m/s

• Pressure: atmospheric to ~50 Torr

• Wire Feed Rate: 150-2000
gm/min

• High degree of particle melting &

µm, may lead to increased

high particle velocity
• Thin splats + fine microstructure

Deposition
Characteristics

• Droplet size: sub-micron to ~200

• Bond Strength: 34-70 MPa
• Inert gas plasma jet leads to low

porosity
• Microstructures: coarser, thicker
splats, small size wire - improve
• Bond Strength: ~10-40 MPa

oxide contents
• Mixing/entrainment of air results

• Low heat input to substrate/part
• Relatively low oxide contents

in inter-splat oxidation
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A correlation between the thermal spray processing, according to the variation in velocities and
porosities of the deposition has been studied. From Table 2, it is evident, that the higher
velocities of the particles in the HVOF process generate coating with very low porosity and high
strength. However, the highest operation cost and lowest deposition make the HVOF rather
expensive technology [Ref: Air Products and Chemicals, Inc].

Table 2: Velocity, porosity and the deposition rate of different thermal processing

Process

Particle velocity, m/s

Porosity, %

Deposition rate, kg/hr

Plasma

200-300

1-8

1-8

100

5-10

6-60

600-800

1-2

1-5

Arc
HVOF

The results in the above table can be explained as following: The particles, traveling with high
velocities have very high kinetic energy, which on impact with the surface is transformed
adiabatically into heat according to the equation (11):

ΔT = ν 2 / 2 c p

(11)

Where cp is the specific heat at constant pressure and v is the velocity of the particles. Therefore,
it can be seen that the temperature at impact increases progressively if the velocities of the
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particles are high. The higher temperature and/or high velocity ensure the spreading of the
particles at impact and higher density of the coatings [117].

Although the wire arc processing generally is not known with its highest quality coatings, it is
shown in this research (Chapter 4) that when the processing parameters and the chemistry of the
wires were optimized, a high quality, and low price (Table 3) coating were developed.
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Table 3. Price comparison of the equipment, operation and materials of the wire arc and plasma spray
processing

Cost Estimation

Plasma

Wire Arc

Unit

Volume of coating

49.83

50

cu. in.

Weight Of Material Required

134.58

24.1

Lb

Time Required For Coating

5.99

1.33

hours

Air Costs (Cooling)

0.33

2.38

$/hr

Cost of all Gasses

7.37

0

$/hr

Cost of Electricity

6.56

0.79

$/hr

Cooling Water Costs

0.00

0

$/hr

Equipment Operating Costs

14.26

3.16

$/hr

Spray Material Deposited

2.43

12.60

lb/hr

Total Operating Cost , Inc.
Powder

396.56

49.60

$/hr

Cost of Coating

163.47

3.94

$/lb

Cost of Coating

6.87

0.2

($/sq
ft)/.001 in.

2290.47

61.94

$/Job

Equipment Operating Costs

85.44

4.22

$/Job

Consumable Parts Costs

9.74

0.60

$/Job

Labor Cost

131.81

33.34

$/Job

Total Job Cost

2517.45

100.11

$/Job

Job Cost per Square Foot

727.48

28.83

$/sq ft

Spray Material Costs
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3.1. Plasma Processing: Principles of Operation

The plasma spray system consists of a plasma power source, plasma spray gun, computerized
control console, articulated industrial robots or traverse system, powder feeder, water chiller,
dust collector and turntable (Fig. 10a and Fig. 10b). The plasma spray gun (Fig. 11) is specially
designed so that it could have high deposit efficiency, suitable hardware configuration to match
with other electronic components for easy control, and extended life of anodes and cathodes.

Figure 10: a) Plasma spray processing, b) Robot programming is required to execute the required motion
of the gun
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The plasma spray gun (Fig. 11) includes a water cooled copper anode and a tungsten cathode.
Due to the applied high voltage an arc is created between them. As a result, the flowing gases
(Ar and He) reach excessive temperatures, dissociate and ionize to form plasma. Powders are fed
into the plasma where they can be melted in a control fashion, accelerated to supersonic speeds,
and directed toward a rotating mandrel which is rapidly cooled to form a desired shape and size.
Thus, the success of the process lies in the design of the mold mandrel material and the plasma
spray parameters, which need to be standardized for each component.

Figure 11: Plasma SG 100 gun (Praxair/TAFA), Ref. Flame Spray Technologies, B.V.
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In the plasma processing the powder particles are injected locally in the plasma jet through one
or two injectors with the help of a carrier gas. Then, in the “length” of the plasma flame, they
decelerate and slowly cool down. Particles treated in direct current plasma flows have a
residence time in the millisecond range. As a result of the high gradients in the plasma jet,
particles which follow different trajectories will have different accelerations and heating.

The initial stage of the plasma spraying process is associated with the transformation of electrical
to thermal energy in the plasma gas atmosphere. Then, there is a second stage of plasma-particles
energy transfer, and finally at the impact with the surface, the energy is transferred by
conduction. The heat transfer at the particle contact with the surface is govern by the well-known
Fourier law, valid for the contact between a liquid (droplet) and solid (substrate) temperature
distribution. The heat transfer coefficient is expressed with the Newton law (10):

q s = h(T f − Ts )

(10)

Where Tf and Ts are temperature of the fluid and the surface (solid) respectively, h is the heat
transfer coefficient. Usually Ts is assumed to be constant, approximately 400oC. The heat flux is
generated when the particles reaches the surface, and with a contact solidifies while cooling
down.
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3.2. Wire Arc Processing: Principles of Operation

a)

b)

c)

Figure 12: Wire arc processing: a) wire arc spray gun, b) melting of the wire (cathode and anode), c)
schematic of the process
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The Wire Arc Spray (Fig 12 a, b) can be described simply as a process of melting a wire within
an electric arc (Fig 12 c). During the process, temperature as high as 4000oC (7232 F) is
reached, and the melted wire particles get accelerated toward the substrate with the high-velocity
gas stream. During the impact with the substrate these particles undergo deformation and rapid
solidification, thus forming lamella-like microstructure of the coating [116]. Because of the high
temperature, full melting of the wire is achieved, leading to a better bonding with other high
melting point materials.

The Wire-Arc Spray System has the highest spray efficiency due to the electric-arc which
concentrates the thermal energy to only melt the spray material. The disadvantages of the wirearc process are the relatively high porosity (material dependent) and the difficulty of producing
non-metallic coatings. However both these problem can be solved to certain extent if the proper
chemistry, morphology and processing parameters are selected. This makes the wire-arc system a
very popular time and cost effective thermal spray process.

3.3. Important Parameters Influencing the Properties of the Deposition

In both of the above discussed thermal processes, at impact with the substrate the particles
deform and solidify forming the lamella-like microstructure, defining the mechanical properties
and deposition efficiency. The deformation and solidification rates of the splats are highly
dependent of their diameter, morphology, temperature, velocity, and chemistry. Each of these
parameters identifies the energy of the particle and the transformation of the kinetic energy of the
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particle into work at impact with the substrate. The flattening is defined by number of
mechanical parameters of the substrate and the thermal constants of the particles in flight.

In this work some of the most important parameters which characterize the performance of the
sprayed particles and developed coatings are discussed. Although the wire arc processing uses a
wire as a feedstock, all additional parameters influencing the deposition properties and
performance follow the same principles as in the plasma. In particular to this research, the most
important parameters to be studied were: powder morphology, applied current, gas types and
flows, and the powder feeding rate. The effect of the specified parameters on the properties and
the performance of the developed coatings and free form parts are also evaluated. Further, the
economics of the success of the experiment (deposition efficiency) is discussed as well.

3.3.1. Powder Size and Morphology

3.3.1.1. Observations and Calculations

The microstructure of the plasma sprayed coatings is highly dependent of the powder particles
morphology. The porous powder particles allow the plasma gas to penetrate into the inner part of
the particles. As result, the temperature of the particle is elevated and the melting process is
accelerated. The trapped air inside the particle heats expands and “decomposes” the
agglomerated particles into small fine particles during residence time in the plasma flame.
Therefore, the porous particles and particles with low thermal conductivity will have higher
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internal temperature gradients than the dense ones. It should be noted that this temperature is
strongly dependant of the heat flux to the particles, which is also correlated with the gas type and
flow.

Further, it has been found [117] that due to the different thermal conductivities of the Argon and
Hydrogen gas (0.2 and 4.6 W m-1 K-1 respectively at 12000 K plasma temperature) the
temperature difference across a given particle is higher in the case of Hydrogen plasma,
compared to the Argon one. The higher thermal conductivity is important for the surface
temperature and the degree of melting of the particles. Further, the particle surface temperature
Ts with the change of time t is expressed with the equation [117]:

dTs − 12k g (Ts − T pl )
=
dt
ρ s cs d p2

(12)

Where ρs and cs are the density and the specific heat respectively of the particle, Tpl is the
temperature of the plasma, Ts is the particle’s surface temperature and dp is the particle diameter.
Clearly, the porous particles, particles with smaller size and with low thermal conductivity will
be characterized with higher temperature gradients. As can be seen from the above equation the
time required to melt a particle with a diameter of 100 μm would be less in the case of Hydrogen
plasma than in the case of Argon. Using the above equation (12) it was estimated that the time
required for melting of an Alumina particle of with a radius of 50 μm is only 80 μs in the
Hydrogen plasma, and 4 ms for the case of Argon plasma [117]. Clearly, this could be assigned
to the thermal conductivity (kg) of these two gasses. The effect of the gas type is discussed in
details later in this chapter.
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In the case of the plasma spraying of nano-size powders it was found that the nanopowder blocks
the plasma gun and influences the continuous plasma spray flow and deposition. Hence,
agglomerating the nano powder (Fig. 13) was necessary.

Figure 13: Spray dryer (a) used for agglomerating of nanosize powders (b) for increasing the flowability
during the plasma spraying of Alumina, particles with 10-20 μm are produced with the agglomeration

To ensure the flowability during the plasma spray forming process, the nanosized powder
particles need to be weakly bonded to form agglomerates. Usually the agglomerating systems
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exhibit dynamic behavior where particle-particle and particle-agglomerate interactions depend
on the physico-chemical conditions of the particular system and on reaching a critical size,
agglomerates may either continue to grow or break up into smaller agglomerates. Electrostatic
force, Van der Waals bonds, and the formation of liquid- and solid-bridges are the major
adhesion mechanisms for agglomeration.

The effect of physicochemical parameters such as viscosity, surface tension of the liquid, contact
angle, and particle shape are very important for agglomeration. The mechanism of agglomerate
formation and growth is usually dependent on the interaction between the powder particle size
and the binder viscosity.

3.3.1.2. Experimental Measurement

From the performed experiments it was concluded that the size and the morphology of the
powder has an important role on the properties and the performance of the developed coatings
and free form parts. The degree of melting and flattening of the splats depends at high extend of
the particle size. Therefore, with a broad powder size distribution in the thermal flow the degree
of melting would be different. The fine nano-particles have lower momentum and can not
penetrate through the plasma flame. For better flow of the nano-sized powders an agglomeration
of the powder is required. The size and specifications of the agglomerates depends exclusively of
the physicochemical properties of the agglomeration. Thus, the agglomeration parameters should
be optimized accordingly.
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Figure 14: Spray Watch software used for analysis of the particles characteristics in flight: temperature,
velocity, flux, angle of flying, etc.

For powders in the micrometer sizes, the plasma parameters needs to be adjusted so the particles
will have higher temperatures and velocities for higher flattening of the particles at impact and
higher density of the coatings. The particles temperature, velocity and flux are usually
characterized with the help of diagnostic tools such as Spray Watch, DPV, Acura Spray, etc.
(Fig. 14). At lower temperatures, just below the melting temperature, an increase in the velocities
or the gas flow is required in order to achieve a higher deformation of the particle at impact.

Further, in plasma spraying, in the micrometer size powders there is a critical powder size
generating the high performance coatings. Thus, at the same plasma processing parameters the
particles in flight with less than 10 μm sizes will have lower temperatures than the particles with
20 μm size. The reason for this phenomenon is that the smaller particles will not enter and fly
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around the hot area of the plasma flame. However, for particles with too large particle size
(above 50 μm) a high energy is required in order to create a melting and a dense coating.

3.3.1.3. Conclusions and recommendations

The key technique is to obtain the balance between the plasma gas temperature and the carrier
gas flow in order to ensure the proper melting and acceleration of the particles. The high
temperature (and high melting) of the particles can be achieved with increasing the powder,
decreasing the gas flow, decreasing the powder feeding rate, etc. Particles velocities can and
should be adjusted to insure the “optimum” residence the plasma flame, the desired melting of
particles and the consequent mechanical properties of the deposition. For example, for the
development of the plasma sprayed Ceria-stabilized-Zirconia coatings for biomedical
applications, a partially melting of the powder was desired, therefore, high gas flows of 80 SCFH
Ar and 40 SCFH He were selected. Due to the extended gas flow the particles reach the substrate
with higher velocity, deform, forming a coating with good mechanical properties also (Figure
20).

The larger and denser particles are more resistant to the flow drag force and spend more time in
the plasma jet, which is favorable for the plasma spray process. Hence the need for an
agglomeration to form nanoparticle agglomerates of 10-20 micrometers from 20-50 nm powder
is present. However, for large particles of low density and low conductivity materials, the rate of
heat conduction in the particles may be too slow to ensure a homogeneous heating and melting
during the residence time of the particles in the plasma jet. Particles can react in flight with the
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plasma gas or surrounding gas that mixes with the plasma jet, and undergo chemical reactions,
decomposition and evaporation forming nanostructure.

3.3.2. Electric Current Effect

The plasma processing can be simply described with the following consecutive energy
transferring principles [117]:

1) Energy is transferred from an electric potential field to the plasma gas. As a result a high
temperature of the plasma is reached.
2) Energy is transferred from the plasma to the powder particles. This process is associated
with momentum and heat transfer to the particles.
3) Energy is transferred from the particles in flight to the substrate to be coated.

The understanding and manipulating the powder input to the energy transfer processes, particles
in flight, and the performance of the deposition can be easily attained. For example, in order to
establish the “best” processing conditions of the plasma process the effect of the plasma
parameters was studied and a FeCrAl powders were plasma sprayed using different power
input. All other plasma parameters were kept constant. The surface morphologies of the two
coatings – one sprayed with an applied current of 800A, and the other – with 650 A are shown
in the Fig. 15.
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Figure 15: Effect of Current on FeCrAl Coating Density, a) 650 A, 70 SCFH Ar, 5 SCFH H, b) 800A, 70
SCFH Ar, 5 SCFH H

It is clear that the applied current has a tremendous effect on the coating density and
characteristics. For example, the coating sprayed with a current of 800 A is about 3 % denser,
more particles are completely meted, and properties are expected to be different as well.
Therefore, it can be concluded that the plasma power has an important effect on the temperature
and viscosity of the plasma flame. The increase of the plasma power results in higher
temperature and velocity of the plasma gas. Consequently, the increase of the plasma gas means
increase in the particle melting and lower particles viscosity.

This would lead to a higher

density of the coatings.

All interactions in the plasma jet affect significantly the important particle specifications such as
the temperature and the velocity. In the plasma flame the maximum temperature is observed at
the core of the jet (~15 000K), close to the nozzle exit. At the further length of the flame, due to
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the interaction with the surrounding atmospheric air the temperature of the plasma decreases.
Therefore, it can be expected that at a high temperature of the plasma (due to the higher current)
the particles flying through the center, the hottest region of the plasma flame will have a higher
degree of melting. Therefore, it can be concluded that both the applied current and the amount of
the secondary gas are influential to the coating properties and the quality.

As noted earlier the increase of the temperature is not only dependent on the applied current, but
also correlated with the thermal enthalpy of the plasma as a result of the gas type. In order to
understand completely the properties of the generated FeCrAl coating, the effect of the
secondary gas was studied as well. For example, the phase transformation in the coating with
varying the secondary gas (all other parameters were kept constant) was studied with X -Ray
Diffraction. The results from the characterization are shown on the Fig. 16 below.
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Figure 16: Effect of the secondary gas on the phase transformation of the FeCrAl coating

It can be seen that the secondary gas have an important effect on the phase transformation in the
coating. Although the gas flow using the He as a secondary gas is larger, the temperature of the
plasma flame using Hydrogen is much higher. Therefore, it is expected that the amount of
melting and transformation in the plasma sprayed FeCrAl coating would be larger compared to
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the coatings sprayed with He gas a secondary. As can be seen the amount of the α-Alumina
phase and the FeCr is different in both samples. The addition of He gas to the plasma flame
apparently cause extra peak correspondent ot the (104) plane of α-Alumina to occur.

3.3.3. Gas mixture effect on the properties of the deposition

3.3.3.1. Experimental Observations

To study the effect of the spray parameters, especially the effect of the plasma gas mixture on the
properties of the deposition, a simple experiment with a Ceria-stabilized-Zirconia powder (Fig.
17) was conducted. The detailed outcome of this experiment is discussed again in the Chapter 4
in this work. The starting powder was commercial Ceria-Stabilized-Zirconia (Genie Products,
Inc.).

Figure 17: 8 wt % Ceria-stabilized-Zirconia powder used in the experiments, powder size 20- 50 μm
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For optimizing of the plasma parameters three different gas atmospheres were created: Ar only, a
mix of Argon and Hydrogen and a mix of Argon and Helium. Clearly the resulting coatings had
different density, properties, and therefore, performance (Fig.18).

70 SCFH Ar 40 SCFH He

80 SCFH Ar

70 SCFH Ar + 5 SCFH H
Figure 18: Ceria-stabilized-Zirconia coatings produced in different plasma gas environments
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The result of the particles impact with the substrate is a formation of multiple splats with specific
shape and morphology. A cross section of the thermally deposited coating (Fig. 18) reveals the
information about the spreading/flattening of the particles at impact with the substrate. Since the
coating is formed by the piling-up high speed and temperature splats, the interactions between
these splats are the important for the understanding of the performance of thermally spray
coatings. The splats shapes and the sizes are highly dependent of both the mechanical properties
of the substrate and the thermodynamics of the deposition. Since in these experiments, the
substrate properties: roughness and temperature were kept the same, therefore, the properties of
the deposition would be the critical factor for the coating properties.

All of the above coatings (Fig. 18) were generated at the same plasma parameters; the only
difference was the plasma gas atmosphere. It can be seen that the coating generated in the Argon
and Hydrogen gas mix has the lower deposition efficiency (DE), compared to the other two
coatings. Clearly, the DE of the material in the plasma atmosphere created with Argon and
Hydrogen gas atmosphere is lower than in the other two cases. The temperature of the flame
generated in the Argon and Hydrogen atmosphere is expected to be the highest among the three.

3.3.3.2. Measurements and Calculations

The flattening process is associated with the wettability, or the contact angle of the deposited
particles. The higher flattening of the particles affects the surface roughness, surface porosity
(Fig. 19) as well as many physical and mechanical properties of the coating. From the figure
below it can be seen that the coatings generated using the mix of the Argon and Helium (bottom
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two) is more porous (and rough) than the one generated in Argon and Hydrogen gas atmosphere
(upper two). Clearly, the higher temperature of the particles in the Argon + Hydrogen gas flow
leads to higher melting of the powders and higher flattening at the impact.

a)

b)

c)

d)

Figure 19: Surface roughness of the Ceria-stabilized-Zirconia coating generated at different plasma gas
atmosphere: a, b) coating generated with the mix of Ar and H; c, d) coating generated with a mix of Ar
and He
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The Vickers hardness of the coatings was measured with a load of 300g. It can be seen that the
hardness of the coatings generated with the addition of secondary gas Hydrogen was quite high,
possibly due to the extensive oxides formation and/or the higher melting of the powder (Fig. 20).

Porosity vs. Hardness
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Figure 20: Porosity vs. hardness plot generated for the Ceria-stabilized-Zirconia coatings at different
plasma gas atmospheres

Also, the color of the generated coatings at different plasma environments was quite specific. For
example, the coating generated in the Argon and Hydrogen atmosphere was dark yellow, almost
brown, while the other two coatings were in the much brighter, light yellow color range (Fig. 21,
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Table 4). Evidently, there were substantial phase changes, chemistry modifications and
properties as result of different plasma gas atmospheres.

Figure 21: Color change of the coatings as result of the plasma gas type modifications: left produced in 70
SCFH Argon and 5 SCFH Hydrogen atmosphere, right – in the 80 SCFH Argon and 40 SCFH Helium, all
other parameters were kept constant: 800A, 2.5 RPM powder feeding rate, 13 SCFH carrier gas

Table 4. The effect of the plasma gas atmosphere on the properties of the coating

Parameter

Current

Primary
Gas, Ar

Secondary
Gas

Powder
Feed Rate

Carrier
Gas

Unit

A

SCFH

SCFH

RPM

SCFH

Sample #1

800

70

H: 5

2.5

13

Sample #2

800

80

n/a

2

10

Sample #3

700

80

n/a

2

10

Sample #4

800

80

He: 40

2

10

Sample #5

700

70

He: 40

2

10
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Comment

Darker coating,
dense
dark coating,
dense
dark coating,
dense
Yellow
coating, porous
Yellow
coating, porous

It was concluded that the different color is as result of the different oxidation state of Ce-ions and
the light color coating serve better as a scaffold for stem cells attachment to this material,
specifically discussed in the following Chapter 4.

3.3.3.3. Conclusions and Recommendations

The velocity of the particles increases with increase the primary gas (Argon) flow since the
plasma gas flame velocity is directly proportional to the gas flow rate. At the same time the
increase of the gas flow rate will result in longer plasma flame. As a result, the high temperature
zone will extend, leading to lower degree of melting and decrease in viscosity of the sprayed
particles. This results in higher porosity of the deposition [117].

In the case of different plasma gas atmospheres the most important is to understand the effect of
each gas on the total temperature and enthalpy of the flame (Table 2). Since the Argon and
Helium are monoatomic gasses, they need to be ionized in order to reach the plasma state.
However, the Hydrogen (or Nitrogen) is diatomic gasses. They need to be first dissociated and
then ionized before reach the plasma state. For the Hydrogen to reach the plasma state a higher
input energy is required. When the energy is elevated, the enthalpy of the plasma is increased as
well. Therefore, for the case of Argon and Helium, especially Argon and Hydrogen gas
atmospheres it can be expected that the plasma enthalpy is higher than in the case of Argon only
atmosphere.
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The higher plasma enthalpy means that the heat transfer from the plasma to the flying powder
particles is higher. As a consequence, the plasma temperature will be higher as well, leading to
higher temperature of the particles and thus, higher melting of the powder. As result of the higher
melting of the powder, a denser coating with elevated properties could be produced. This
correlation between the plasma temperature, gas thermal conductivity and properties of the
coatings can be clearly seen at Fig.20. It is shown that the coatings generated with the Argon and
Hydrogen atmosphere are characterized with higher hardness (630 HV) than the coatings
generated in Argon only atmosphere (520 HV).

3.3.4. Powder Feeding Rate Effect on the Particles in Flight

3.3.4.1. Experimental Observations

The feeding rate effect on the coating performance was examined since it is important for
understanding the spray of the powders and their deposition as coatings or free form parts. It is
expected that the higher the powder feeding rate, the more powder would flow through the
plasma flame, however, less melting would occur. Therefore, in the present experiment feeding
rates of 0.5 and 2.5 RPM were selected. The powder for this experiment is Ceria-Stabilized
Zirconia. The parameters kept constant were as following: 800 A applied current, 80 SCFH Ar,
40 SCFH He, 13 SCFH carrier gas. The only parameter that was modified through the
experiments was the powder feeding rate ranging from 0.5 to 2.5 RPM. The analysis was
performed using a DPV 2000 diagnostic camera. The camera reading gives information on the
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spray shape, temperature and velocity of particles. Using the information generated from this
analysis, usually the microstructure can be predicted. Fig. 22 shows that with minimization the
powder feed rate the plasma flame is visually thinner and weaker. The higher powder feeding
rate the flame becomes stronger and more intense.

Figure 22: The flame of the Ceria-stabilized-Zirconia powder viewed at different feeding rate conditions:
a) 0.5 and b) 1.5 RPM Feeding rate

Further, the effect of the feeding rate on the temperature and the velocity of the particles were
studied. It can be seen that if the feeding rate is lower, it means that less particles coming to and
out of the gun, and their average temperature (Fig. 23) and velocities (Fig. 24) are higher.

The injection of the powder usually obeys the following rules: After the plasma atmosphere is
created, the powder is injected into the plasma [117]. The energy of the plasma is transferred as a
momentum and flux to the particles. This momentum is additionally increased by the carrier gas
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flow. In this initial plasma penetration stage of interaction the particles are characterized with
very high velocities. In the short residence time of particles in the plasma flame there is a next
stage, associated with a decrease of particles temperature and velocities (relaxation). As shown
in the graphs, the particle temperatures and velocities can be detected by the different diagnostic
tools.
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Figure 23: The lower the feeding rate corresponds to higher temperatures
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Figure 24: The lower feeding rate corresponds to higher velocities of the particles
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Figure 25: The higher powder feeding rate results in higher flow rate
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3.3.4.2. Conclusions and Recommendations

From the results shown above it can be summarized that the lower powder feeding rate
corresponds to higher temperature and velocity of the particles in flight. Clearly, the flow rate of
the particles flying through the plasma flame is higher as well (Fig. 25). Further, it can be
predicted that the degree of melting of the particles in flight increases. The higher melting results
in lower surface roughness of the coating, better cohesion lower porosity and enhanced
mechanical properties of the coating. The lower the cohesion between the particles, the higher is
the degree of porosity and the lower the Elastic modulus of the deposition. In the experiments
performed in this dissertation, the powder feeding rate was usually in the range of 2.0 to up 2.5
RPM. However, the finer size powders require decrease in the powder feeding rate to up to 1.0 –
1.2 RPM to ensure to flowability of the powders.

3.3.5. Deposition Efficiency

3.3.5.1. Observations and Calculations

An important parameter that characterizes the effectiveness and the success of the spray process
is the so-called deposition efficiency (DE). It is always essential to measure the DE in order to
understand the spray effectiveness. The deposition efficiency can be either experimentally
measured or calculated according to the relation:

60

(DE) % = 38.4 – 8.8 x P + 6.8 x U – 3.4 x A + 3.3 x H + 2.6 x C

Where P is the powder feed rate, U is spraying angle, U, A is argon flow rate, H: hydrogen flow
rate, and C is the gun current.

Decrease of the
Powder feed
rate

Increases in
Gun current

Spray perpendicular
to Surface of the
substrate

Higher plasma
Temperatures
Increase of the
Plasma
temperature

Fewer particles
Bouncing off the
substrate
High rate of melting
of powder

High heat transfer
rates

Increase of the
Deposition
Efficiency

Figure 26: Factors toward Increasing the Plasma Deposition Efficiency
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Knowledge of the DE is important, since it provides not only information of the economics and
effectiveness of the deposition process, but also it can give indication on the solidification
behavior of the particles at impact with the surface (Fig. 26). For example, with increasing the
stand-off distance DE decreases since the particles re-solidify at greater stand-off distances.
Also, the speed of movement of the gun arm can influence the particles trajectory as well [122].

The deposition efficiency can be simply expressed as (13):

DE =

Wdeposited
x100%
Winjected

(13)

where Wdeposited is the weight of the powder deposited on the substrate and Winjected the weight of
the powder injected into the plasma jet. The mass injected into the plasma jet can be calculated
from the powder feed rate and the injection time [122].

Along with the parameters such as standoff distance and the arm speed, there are multiple factors
which influence the DE of the powder also: the applied power, the gas flow, the type and amount
of gasses, etc. For example, it was found that for a plasma atmosphere of Ar and H, the
increasing the Hydrogen-Argon ratio to 8% resulted in substantial increases in DE [122].
However, further increase in the ratio did not contribute to additional increase of DE. Therefore,
there are spray optimized parameters which lead to the highest efficiency of deposition. Also, the
powder morphology is critical to the DE and the properties of the coatings as well. For example,
for particles with the same outer diameter the hollow particles will have lower heat capacities
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than the dense ones. Therefore, they will be more affected by rapid changes in temperature, and
hence with the degree of melting and in the DE.

Another parameter, very important for the high DE is the spraying angle. It has been found that
the DE usually increases with spraying at angle up to 450; however, a further increase in the
angle does not result in higher DE.

3.3.5.2. Conclusions and Recommendations

The deposition efficiency is the economical evaluation of the plasma spray process. Increasing
and optimizing the deposition efficiency is required for the thermal processing. As noted above,
the DE can be increased with optimizing the powder feed rate and/or the degree of spraying,
increase of the applied current, etc. It has been found in this research that the increase of the DE
of the Ceria-stabilized-Zirconia powder can be achieved by creating a high gas flow of Argon
and Helium, also with increasing the current from 650 to 800 A and with spraying perpendicular
to the substrate.
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3.4. Particles in Flight Conditions and Solidification during Deposition

3.4.1. Theoretical Study

In summary of the above examples, the following diagram (Fig. 27) was constructed, presenting
the important interrelated parameters that need to be taken under consideration when a plasma
sprayed coating is created. The flow chart describes the causes and effects of the discussed above
parameters: powders size and morphology, applied current, gas flow, particles velocity and
temperature, etc.

Figure 27: Interrelated factor influencing the particles in flight characteristics, solidification during
deposition and coating properties
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As seen at the above flow chart the shape and degree of flattening of the melted particles is a
function of both the roughness and the temperature of the substrate and the impact velocity of the
droplets. The increase in the surface temperature and the droplets velocity results in larger splat
diameters, however, at low substrate temperature the droplets solidify faster. In summary, the hot
substrate delays the solidification process. Droplets deposited on cold surface have irregular
shapes, while the one landing on preheated surface have mostly perfect circular shape. In other
words, the droplets remain liquid for much longer time when deposited on hot substrate.

The flattening process is associated with the wettability, or the contact angle of the deposited
particles. Surface roughness is correlated to the substrate/droplet contact angle such that the
contact angle increases with decrease of the surface roughness. Yet, for a very smooth surface it
can be expected that there is less wettability of the deposited particles, less “sticking” ability of
the particles on the surface. Contrary, increase in the surface roughness leads to lower contact
angle and better adhesion in contact (Fig. 28).

Figure 28: Degree of flattening dependent of the surface roughness
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The relation between the contact with a smooth surface, θ and the apparent contact angle, θ* is
expressed as (14):

r*cos θ = cos θ*

(14)

The so-called roughness factor, r, defined with the ratio: true surface area/flat plane surface area
becomes unity at zero roughness.

Since the mechanical properties of the coating are highly dependent of the degree of flattening of
the particles and the cohesion between them, a special attention requires an investigation of the
splat formation, contact and cohesion. The degree of flattening is defined from the ratio of the
splat diameter and the diameter of the starting droplet. The droplet impact dynamics governs the
Reynolds, (Re) and Webber, (We) numbers. The relations between the Re and We with the
particles in flight characteristics are usually expressed with the equations (15, 16):

Re =

ρ .W .Di
μ

(15)

ρ .W 2 .Di
We =
σ

(16)

Where ρ, W, D and μ are the droplet density, velocity, diameter, and viscosity, and σ is the
surface tension respectively. It can be seen that the Reynolds number, Re, or the particle
flattening depends significantly on the particle velocity. Also, the flattening degree is increasing
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with increase in the Reynolds number, as shown on the figure bellow (Fig. 28). For the present
experiments the Reynolds number increase with increase of velocity was estimated. For example,
for in the plasma spraying of a Ceria-stabilized-Zirconia with particles size of 10 micrometers
and density of 5700 kg/m3, the viscosity was assumed to be10 cP [127], the following relation
was obtained (Fig. 29a).
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Figure 29: a) Flattening degree correlation with the Reynolds number, b) Degree of particle flattening as a
function of the velocity in flight
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Usually particles tend to spread on the substrate more if the velocities of the particles and/or the
temperature (viscosity related) are higher (Fig. 29b). Thus, there is a linear dependence between
the particles velocity (and temperature) and the degree of flattening. Further, the higher
flattening ratio will affect the surface roughness as well as many physical and mechanical
properties of the deposition [122]. In general, the increase of the particle velocity is associated
with increase in the carrier gas, decrease of the particle size, etc.

Since the rate of flattering and bonding of the particles during deposition influences the
mechanical properties of the deposition, it is very important to correlate the plasma spray
parameters with the resulted microstructure. The degree of particles flattening during deposition
is expressed as the well-known Reynolds number, Re and the ratio of flattening is Ds/dp ~ Re0.2,
where Ds is the splat diameter and dp is the original particle diameter. As noted, the degree of
flattening would be dependent also of the standoff distance, surface roughness, robot movement,
etc. In addition, the volume of porosity, very often defining the applications and properties of the
deposition, is greatly influenced by the shape and bonding between the particles. The rate of
flattering of molten particles when deposited on the substrate is expressed as (17):

Ds/dp =1.3 (ρ (νι/μ))0.2 = 1.294 Re0.2

(17)

Where Ds is the splat diameter, dp is the original particle diameter, μ is the viscosity, ρ is the
density and ν is the impact velocity. The rate of flattering of the particles is dependent also of the
angle of spray and deposition on the substrate.
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If a temperature of the particle is just below the melting temperature (partially melted), this
particle will require a higher impact velocity to ensure high density of the coating. As discussed
earlier, the particle velocity is closely related to the particle diameter and specifications.
However, as the temperature of the particles reaches an optimum and exceeds the melting
temperature of the flying powders, the viscosity of melted liquid phase decreases as the particles
temperature increases, according to the equation (18):

μ = μ 0 . exp(

E
)
RT

(18)

Where μ is the viscosity, E is the activation energy and T is the temperature. Therefore, if the
temperatures of the particles are higher they would require lower impact velocities in order the
particles to spread on the surface.

As noted above the degree of melting and flattening of the splats depends also of the particle
size. For a broad size distribution in the thermal flow the degree of melting would be different.
Hence, as the deposition thickness increases more and more particles would meet partially
unmelted particles, voids or improperly layered lamellas. Consequently, usually the porosity
increases with increasing the deposition thickness. Therefore, in order to achieve a high density
of the coating, a narrow size distribution with small standard deviation is required. Also, an
additional increase of the density of the coatings can be achieved with increasing the particles
velocities and consequently increasing the kinetic energies at impact as shown earlier in section
3.3. in this chapter [117].

69

3.4.2. Conclusions and Recommendations

The larger the area of contacts between the particles as a result of the higher flattening, results in
higher cohesion between them. The better the cohesion between the particles the higher is the
stiffness and Elastic modulus of the resulted coating/deposition. As noted above, the melting of
the powder is highly dependent of the applied powder of the plasma. As a result of the higher
power, the degree of melting of the particles in flight increases. The higher melting results in
lower surface roughness of the coating, better cohesion lower porosity and enhanced mechanical
properties of the coating. The lower the cohesion between the particles, the higher is the degree
of porosity and the lower the Elastic modulus of the deposition. Also, the increased cohesion
between the splats as a result of the greater degree of melting results in better corrosion
resistance of the deposition.

While characterizing plasma sprayed coating it can be seen that there are regions of high
porosity, and no contact between the particles. The lack of contact between the particles (pores)
can act as gas entrapment between the droplets, which on the other hand is a consequence of the
low particles viscosity and low flight velocity. Thus, the low contact between the particles results
in decrease in the mechanical properties of the as deposited coatings.

3.5. Solidification of the Deposition: Important Issues

The solidification time of the droplets arriving at the surface is usually closely related to the
lamella morphology, and thus - the coating porosity and properties. A model discussed in [117]
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can help to calculate the solidification behavior and heat transfer of the particles at impact with
the substrate. According to the model, N1 number of particles will cover a surface area per unit
time during spraying (19):

A p = N 1 (π / 4) D 2

(19)

Due to the movement of the deposition gun, the area covered will be dependent of the velocity of
the movement, v and the spray width, w (20):

As = v.w[m 2 / s]

(20)

Therefore, the number of the lamellas deposited will be the ratio (21):
N 2 = Ap / As

(21)

Therefore, the deposition time will be the ratio (22):
t dep = w / v

(22)

Therefore, a given area will receive N2 particles per meter according to the equation (23):
N 2 = t dep .n = N 1 / v.w = N 1 / As

(23)

where n is the intensity of bombardment of the surface = N1/w2.

Since the solidification time is: t sol = x 2 / 4 p 2 a , where x is lamella thickness, and p is a
Newmann-Schwartz parameter (p=0.582), therefore, assuming that the size of a spherical droplet
is d m, and its volume is Vp m3, it will deform to a disc with diameter D, and a
volume Vc = h(π / 4) D 2 , where h is the lamella thickness and the height of the disc [117].
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Therefore, one can predict that the solidification time will increase with increase in the lamella
thickness. On the other hand, for two materials, a ceramic and a metal-based powder deposited
on the same steel substrate, due to its lower thermal conductivity, the ceramic will have a longer
solidification time, influencing the porosity as well.

At the time of impact with the substrate the particles have increased temperatures, compared to
the temperature before the deposition. This can be explained with the following: according to the
thermodynamics principles the particles in flight are characterized with certain kinetic energy. At
the moment of impact this energy is transformed to heat, which additionally increases the
temperature of the particles and the flattening ratio as well.

After the impact with the substrate, the particles solidify and form lamella-like coating. The
residual stresses generated in the coating can be distinguished depending of the levels they occur.
For example, usually the stresses generated inside each of the splats are generated by the impact
of the hot particles with the cooled substrate [117]. On the other hand, there are stresses
generated between the individual splats, inside the lamella, and finally, there are also residual
stresses that occur between the coating and the substrate. Each of these stresses is known to
contribute to the coating quality; therefore, an investigation of the nature of these stresses for all
of the materials in this research will be conducted.
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3.6. Residual Stresses Generated in the Coatings

3.6.1. Observations and Calculations

Very often due to the rising residual stresses in the deposition, it tends to delaminate from the
substrate. Since the coating delamination can be catastrophic for many industrial applications
special substrate preparation is required. Usually a special preparation with increasing surface
roughness (grit blasting) is performed. Also, in order to ensure the bonding of the coating to the
substrate an inter-layer, or bond coat can be applied. In this situation the inter-layer serves as
increasing bond strength element. For example, in the case of applying a ceramic coating on
metal substrate and inter-layer of MCrAl could be selected. For example, in order to apply a
Hydroxyapatite layer on the Ti6Al4V substrate (used for body implants) and interface layer of
MCrAl was first deposited. The details of this experiment are discussed further in Chapter 4 in
this work.

In order to ensure the “stickiness” of the Hydroxyapatite layer, required for biocompatibility of
the component, the interface of FeCrAl and the residual stresses generated during its application
with plasma spraying were evaluated. First, an initial investigation of the temperature dependent
parameters of both the substrate Ti6Al4V and the coating (here NiCrAl) was required. For
example, for a temperature variation between the room temperature, 20oC and the temperature of
the coating during deposition, 1000oC, the following parameters were taken under consideration:
Elastic modulus, E, Hardness, H, stress in the coating and the substrate, σ, thermal expansion
coefficient, α (Fig. 30 a, b). It can be seen that with increase in the temperature the Elastic
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modulus of both of the materials T6Al4V and NiCrAl decreases. Also, the overall stresses
generated also decreases. However, the thermal expansion coefficient increases with increase in
the temperature [125]. Special attention requires the thermal expansion mismatch between the
coating and the substrate, especially at higher temperatures, since it usually leads to coating
failure and delamination (Fig. 31 a, b).
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Figure 30: a) Elastic modulus of the NiCrAl coating and the Ti6Al4V substrate as function of
temperature, b) generated stresses in the coating and the substrate with increase the temperatures
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Figure 31: a) Thermal Expansion Coefficients of NiCrAl and Ti6Al4V as a function of temperature, b)
CTE difference as a function of temperature.
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If one assumes that the heating and cooling processes are slow enough then the heat transfer
effect can be disregarded [125]. Further, one assumes that the temperature in the coating changes
uniformly and decreases with decrease of the depth toward the substrate. Also, at initial stage,
20oC, RT before the thermal process it is assumed that the coating and the deposition are free of
stress. Further, with the progress of the plasma deposition, the temperature of the substrate and
that of the coating increases. For the simplicity of the experiment, it was assumed that the
temperature difference between the substrate Ti6Al4V and the NiCrAl coating is 200oC. Then,
for a temperature of the coating, T NiCrAl = 900oC and the temperature of the substrate, TTi6Al4V =
700oC one can obtain the following parameters (Table 5):

Table 5. Properties of the NiCrAl coating at 900OC and Ti6Al4V substrate at 700C [125]

Material

Ti6Al4V

NiCrAl

E, GPa

67.0

115.0

ν

0.30

0.25

σ0, MPa

40.0

49.0

H, GPa

5.0

5.0

α, μ/oC

10.2

15.0

K, W/m.oC

20.0

22.0

Where α is the coefficient of thermal expansion (CTE) and K the thermal conductivity of the
materials, E is the Elastic Modulus, H is the hardness, σ is the stress.
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It can be seen that with increasing temperature, still keeping the delta T constant, the difference
between the CTE of the coating and the substrate increases drastically. As a result, the residual
stresses in the coating increase as well. It is well known that there is an existing relation between
the two (24):

σ = E cα c (Texit − Tdep )

(24)

Where Ec and αc are the Elastic modulus and CTE of the splats and Tdep is the deposition
temperature [125].

3.6.2. Experimental

In thermal spray deposition, the thickness of the coating has a significant effect on the arising
stresses also. As the substrate, Ti6Al4V is prepared for thermal coating, it is usually grit blasted,
using a sand blast under a high pressure. As result of the grit blasting usually compressive
stresses are created on the substrate. Further, when the substrate is plasma coated, as the
thickness of the coating increases and the solidification of the particles at impact takes place,
tensile stresses are created [125]. It is possible at some occasions that the tensile and the
compressive stresses are compensated. However, as the thickness of the coating increases and
the tensile stresses increase, then a process of plastic deformation occurs. With the plastic
deformation, the shear loading caused by the thermal expansion mismatch between the substrate
and the coating decreases [125]. As a result, a relaxation of the internal stresses in the coating
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can be observed. Then it is expected that the NiCrAl coating will bond well with the Ti6Al4V
substrate. It should be noted that this mechanism differs and does not usually occurs in the case
of ceramic deposition on the metal substrate (Fig. 32).

Figure 32: Ceramic coating generated on steel substrate generated by Finite Element Analysis
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In the case of depositing a ceramic coating on a metal substrate (Fig. 32), they posses a big
difference in the CTE, which on the other hand created a high stresses at the interface. The
increase in the residual stresses, especially close to the substrate interface is associated with
increase in the energy levels of the system. Therefore, it is possible to observe a coating failure
and delamination between the metal substrate and the ceramic coating. To prevent the
delamination and increase the bond strength usually a bond coat between them is applied. Also,
due to the elevated temperature of the ceramic deposition reaching the metal substrate, very often
a thin oxide layer is formed at the interface.

In general, the residual stresses are highly dependent of the nature of the sprayed material and
the substrate. For example, the difference of the thermal expansion coefficient between the
substrate and the material deposited creates a state of stress in the system. If this stress exceeds
the adhesive bonding strength of the coating with the substrate and the cohesive bonding
between the particles, the deposition will delaminate from the substrate. In our research however
we use this “disadvantage” toward a process known as free-form part manufacturing.

If we assume that the thickness of the substrate is constant, the properties of the coating
thickness were found to vary as a function of the temperature gradient. The physical properties
of both the substrate were assumed constant throughout the process; however both the coating
thickness and the temperature differential increased linearly through the deposition process. The
initial temperature of the interface was assumed to be the room temperature. Therefore, for a
deposition of Ceria-stabilized-Zirconia on a metal mold, the stresses generated in the deposition
as function of the type of substrate has been studied (Fig. 33). In the case of near-net-shape
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manufacturing, a delamination and separation of the deposition from the mold is required. Thus,
it was found from the calculations that it is easier to remove the Ceria-Zirconia deposition from
Aluminum mandrel than from steel one (Fig. 33). The reason is seen again in the temperature
dependant properties of the coating and the deposition, especially the CTE, the elastic modulus
and the thickness of the deposition.
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Figure 33: Compressive stresses generated in the Ceria-Zirconia deposition on steel and on the Aluminum
substrates (800 A, 80 SCFH Ar, 40 SCFH He, 2.5 RPM feeding rate, 13 SCFH carrier gas)
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3.6.3. Conclusions and Recommendations

Very often the rising residual stresses in the deposition can be catastrophic, since as result it
tends to debonding and spallation from the substrate. Therefore, in order for a coating to meet the
requirements of high bonding strength for many industrial applications special substrate
preparation is required. Usually a special preparation for increasing the surface roughness (grit
blasting) is performed. Also, in order to ensure the bonding of the coating to the substrate an
inter-layer, or bond coat can be applied. For example, in the case of deposition of a ceramic
coating on metal substrate and inter-layer of MCrAl (bond coat) can be deposited. The intention
of the special substrate preparation (grit blasting or/and bond coat) is to minimize the residual
stresses in the deposition and to prevent or minimize the fatigue crack propagation and wear of
the coating.

Usually the residual stresses tend to increase with the thickness of deposition, since with increase
in the coating thickness a stress relaxation occurs and the stored elastic energy may be released.
As a result, the coating may fail and delaminate from the substrate. However, this “problem” can
be successfully used for the free-form-parts manufacturing. In this case, the separation of the
coating from the mandrel is required. As stated above, certain thickness of the deposition is
required in order to observe a separation of the deposition from the mold. As seen above with
increase in the thickness, the tensile stresses increase assisting to the debonding and free-formpart formation. The residual stresses are closely associated with the type of the material to be
deposited and the substrate, as well as the temperature, roughness, and the external conditions
such as cooling or mechanical influence.
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3.7. Near-Net-Shape Manufacturing

Near-net-shape processing using plasma spraying technique involves simultaneous melting of
powder and accelerating the molten particles for deposition on a rotating mandrel or substrate.
The nozzle creates an arc that ionizes a gas stream forming the plasma with extremely high
temperatures. Powders are fed into the plasma where they melt and are accelerated to supersonic
speeds. The molten particles are directed toward a rotating mandrel where they deposit and
rapidly cool forming the desired shape. Spray deposited structure is built up on the surface of the
mandrel, and is then removed from the mandrel, usually by making use of the large difference in
thermal expansion between the two components.

In the production of near-net shapes using plasma spraying (Fig. 34), the desired spray material
in its powder form is sprayed on the surface of a pre-designed mold and the sprayed component
is then removed from the mold. This involves: (1) proper selection of the mold material and its
surface machining to the inner geometry of the desired component, (2) spraying of the material
layer on the mold mandrel, and (3) removal of the sprayed component from the mold mandrel.
Thus the success of the process lies on the proper control over the mold mandrel and the plasma
spray parameters, which needs to be standardized for each component.
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a)

b)

c)

Figure 34: Different shapes and sizes free form parts developed with plasma spray forming a) Ceriastabilized-Zirconia (80 SCFH Ar, 40 SCFH He, 800 A, 2.5 RPM powder feeding rate, 13 SCFH carrier
gas), b) Alumina flat parts ( 80 SCFH Ar, 850 A, 2.0 RPM feeding rate 13 SCFH carrier gas), c)
Alumina-Titania free-form-part ( 70 SCFH Ar, 40 SCFH He, 800 A, 1.5 RPM powder feeding rate, 11
SCFH carrier gas)

It has been noted that the substrate thermal conductivity and temperature have a dramatic effect
in modifying the morphology of splats formed by impacting molten droplets on substrates during
plasma spraying. The success of the process is correlated with the measurements and
understanding of particle heat and momentum transfer, process on-line control, powder
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morphologies, and injection within the hot-jet and reactions with environment; particle flattening
and solidification, splat layering, residual stresses etc.

To analyze the median between cracking and part separation it was of interest to characterize the
stresses that occur in the deposited material during the plasma spray process. The well-known
Dietzel equation is usually used to evaluate the residual stresses of the coating with increase of
coating thickness (25):

σc = {{Ec (αc – αs)ΔT}/(1 – υc) + [(1 – υs)/Es]dc/ds}

(25)

where α is the linear thermal expansion coefficient of , ν is the Poisson ratio, E is the Elastic
modulus and d is the thickness. Therefore, it can be seen that with increasing the coating
thickness the residual stresses in the system increase. The above correlation will be applied for
estimating the residual stresses and deposition properties of the as sprayed depositions (Fig. 35).

Coating in compression

Coating in tension

Figure 35: Stresses generated in the coating as consequence of thermal spray
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CHAPTER FOUR: SPECIFIC APPLICATIONS OF PLASMA
PROCESSING AND DENSIFICATION OF NANOSTRUCTURES

4.1. Ceria-Stabilized-Zirconia for Biomedical Applications

4.1.1. Introduction

Most of the present day’s prostheses, eye and ear implants are entirely related to the new
materials technology revolution. In particular to the bio-ceramics it is of critical importance to
understand how their microstructure, strength and possible biomedical applications evolve
during fabrication. Thus, controlling the phase stability, particle size and the porosity are some of
the key issues that would affect the material’s biocompatibility. At present, the most popular
techniques for manufacturing porous hard tissue replacement bio-components are starch
consolidation and drip casting [79]. Nevertheless, recently plasma spraying has become a useful
technique for manufacturing various near-net-shape components with desired shape, size,
porosity and mechanical properties. Hence, this work for the first time intent to demonstrate the
application of the plasma spray formed near-net-shape Ceria-Stabilized-Zirconia components for
biomedical applications, in particular stem cells growth.

Up to date the Ceria stabilized Zirconia has been commonly used as a coating with excellent
catalytic properties [53, 54, 77], as thermal barrier coatings [51, 52], etc. Catalytic activity and
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the reaction rate depend on the number of active sites on the surface of the catalyst. The major
important reduction catalytic reactions that occur are summarized bellow (26-28):

2 CO + O2 => 2 CO2

(26)

4 CXHy + (4x + y)O2 => 4x CO2 + 2y H2O

(27)

2 NO + 2 CO => N2 + 2CO2

(28)

It is expected that at low temperature the reaction rate is very small; therefore, no conversion is
reached. With increase in the temperature, the conversion is associated with the diffusion in the
washcoat. With further increase in the temperature mass transfer between the gas phase and the
washcoat occurs. Modern three-way catalysts utilize some amount of cerium oxide because of
its unique oxygen storage capacity (OSC). Three-way catalysts are usually selected also
according to their ability to store oxygen, a property known as Oxygen Storage Capacity (OSC).
It has been explored and proved multiple times that CeO2 is a material with such
phenomenological properties. CeO2 acts as an oxygen buffer by storing excess oxygen under
oxidizing conditions (oxidation) and releasing it in rich (reduction) conditions according to the
reaction (29):

2CeO2 ⇔ Ce2 O3 + 0.5O2

(29)

With this process the transformation of (Ce3+) to (Ce4+) and vise versa is advantageous. As a
result, CeO2 oxidizes CO and HC according to the above three reactions.
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Regardless of the broad applications of Ceria-stabilized-Zirconia for Thermal Barrier Coatings
and catalytic converters, to the authors knowledge there is still not enough research reported on
the successful application of Ceria-stabilized-Zirconia for biomedical applications especially
stem cells growth.

It should be noted that the Ceria-stabilized-Zirconia has a good

biocompatibility, and the Ceria by itself has been broadly used in other biomedical applications
as well [73- 75]. Cerium oxide nanoparticles have very low or no toxicity based on the reported
cell culture data and the available literature [74]. Ceria-stabilized-Zirconia is known with its
good corrosion resistance and excellent phase stability [51-55]. Among other Zirconia ceramics
currently available, Ceria-stabilized-Zirconia is the most stable against degradation under humid
conditions and against leaching in aqueous environments. In addition, zirconium oxide, when
used in conjunction with Ceria provides unique oxygen ion conduction properties.

At present, orthopedic surgical procedures to repair and correct bone structures have expanded
very rapidly over the last years. Thus, Ti and Ti alloys have been widely used in orthopedic and
dental applications due to their superior mechanical properties and good biocompatibility.
Unfortunately, nearly all metallic materials are bioinert, so they are consequently not
osteoconductive leading to no surface continuity [76]. Although Ti and its alloys are known to
have good corrosion resistance, ion release of Ti-based implants has been reported [77, 78].
Release of metallic ions from the implants can weaken the implant, result in adverse biological
reactions, and even lead to the failure of the implant. The ceramic implants usually wear even
less than the metal implants, and are not directly associated with the problematic ion release.
Composites including partially stabilized Zirconia, bioactive glass or glass-ceramics
polyethylene-Hydroxyapatite have been used for the repair, reconstruction and replacement of
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diseased or damaged parts of the body, including bone. However, a stable interface with
connective tissue has prevented clinical use of such biomaterials. For example, Zirconium oxide,
stabilized with Yttria has been widely used; however, the Ceria-Stabilized Zirconia is not much
studied for its biomedical applications [79]. Yet, this research shows that Ceria-StabilizedZirconia would be suitable for various orthopedic applications due to its specific chemistry,
improved corrosion resistance and good mechanical properties.

In this research, a specific shape, Ceria-stabilized Zirconia component resembling a bone
element was created using plasma spray forming. The biocompatibility of the designed
component was further tested in body type environments in which the cells should develop and
differentiate. The component is intended to be applied in cases of massive bone trauma and nonuniform fractures. If the bone fracture is minimal, usually simple fracture repair is necessary.
Yet, in the case of non-uniform fracture, segmental gaps or bone voids caused by removal of
bone tumor, or cyst for example, the fracture cannot repair spontaneously and require either bone
drafting or induction of new bone. In this situation, known as osteoinduction, some type of
matrix or scaffold is needed, which can serve as a bone growth substitute. Hence, a
biocompatible, specific chemistry component would contribute to “repair” the structural
discontinuity with partially filling the gap introduced in the bone. The success of the process
requires a stable interface between the implanted material (in the case-plasma sprayed CSZ) and
the host bone tissue.
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4.1.2. Experimental Findings

4.1.2.1. Plasma Spray Forming of the Artificial Bone Component

In this experiment a porous, high strength Ceria-stabilized-Zirconia near-net shape part (Fig. 36)
for a specific bio-medical application was developed using plasma spray forming. The
mechanism of plasma spraying is discussed in details elsewhere [51, 52].

Figure 36: Plasma sprayed Ceria-stabilized-Zirconia for biomedical applications

Praxair/TAFA SG 100 plasma gun with standard cathode and anode were used for free from part
manufacturing. The commercial ZrO2 + 10 mol % CeO2 (Genie Products, Inc.) was consolidated
through plasma spray forming. The plasma gas atmosphere was created from Argon mixed with
Helium and the rest of the spray parameters were adjusted as following (Table 6): The presented
conditions were selected based on experimental results as earlier discussed in this chapter. The
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desired properties of the free-form-part were high density, especially of the top layer, good
mechanical properties, biocompatibility and specific chemistry, especially the presence of a mix
of Ce+3 Ce+4 oxidation state after the plasma processing.

Table 6. Plasma processing conditions of the CSZ biocomponent manufacturing

Processing Conditions
Current, Amp

800

Primary Gas, SCFH

80

Secondary Gas, SCFH

40

Carrier Gas, SCFH

13

Powder Feed Rate, RPM

2.5

4.1.2.2. Materials Characterization

Morphological Characterization

The spray-formed component was cut, mounted, polished and the cross section was examined.
The microstructure of the as-designed component was characterized using the JEOL 6400
Scanning Electron Microscope with an accelerating voltage of 10 kV. Optical microscopy and
Image analysis (Scentis, Struers) software yielded the specific morphology and the porosity of
the cross section of the component.
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Structural Characterization

A Rigaku D/MAX X-Ray Diffractometer using Cu Kα radiation operated at 40 kV was employed
for phase characterization of the powder and the spray formed component. The Vickers hardness
(Shimatzu) was measured on the same cross section used for evaluating the porosity.

Chemistry Characterization

The degree of reduction of the Ce ions controlled during the plasma processing was studied
using the X-Ray Photoelectron Spectroscopy (XPS) technique. The XPS data was obtained using
a 5400 PHI ESCA (XPS) spectrometer. The color change of the plasma formed component
indicating the reduction-oxidation reaction of the Ce ions was correlated with the XPS data.

4.1.2.3. Biocompatibility and Stem Cells Attachment Evaluation

Cell Culture

Human Mesenchymal Stem Cells (HMSCs) were purchased from Cambrex. HMSCs were
cultured in 20ml of serum supplemented growth medium consisting of Dulbecco’s Modified
Eagle Medium (Invitrogen), Antibiotic/antimycotic (Invitrogen) and FBS (Stem Cell
Technology, Vancouver, BC). The cells were incubated at 370 Celsius in a 5% CO2 humidified
incubation chamber. The cells were fed by replacing the media twice a week.
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Application and Visualization of HMSCs on Nanobone

HMSCs grown in a T-75 culture flask were trypsinized and replated on a plasma formed bone
fragment (approx 1 cm2) or “nanobone” at a cell density of approx 0.5 X 106. The cells were
incubated overnight with the nanobone fragment to allow adherence. The following day the cells
were treated with an amine reactive probe (KJS 147) at a concentration of 30 μM. KJS 147 dye
has an excitation/emission wavelength comparable to FITC. After 15 hrs of incubation with KJS
147 the cells were visualized under a fluorescent microscope.

Fluorescence Microscopy

The cells were visualized under a fluorescent microscope (Leica DMI 6000B), using a FITC
filter set 480excitation/510emission (Chroma). The cells were viewed under 10X (0.30-/D 11.0)
and 40X (0.60 corr XT 0-2/C) objectives (Leica).

4.1.3. Results and Discussion

Near-Net-Shape Component Design

The near-net-shape processing using Plasma Spray Forming involves simultaneous control of
powder melting and particle acceleration for deposition on a rotating mandrel or substrate with a
proper CTE (Coefficient of Thermal Expansion) to release the parts after cooling. As discussed
earlier, the thermal expansion difference between the deposition and the mandrel is of critical
93

importance. Hence, because of the CTE mismatch between the Aluminum mandrel (23x10-6/oC)
and the Ceria-stabilized-Zirconia deposition (8x10-6/oC) it was possible to remove the near-netshape part after plasma spraying. Further, for the purpose of free-form-part manufacturing a
smooth surface finishing of the mandrel is also desired. Indeed, the success of the process lies in
the proper selection of the mold mandrel and the plasma spray parameters, which need to be
standardized according to the desired properties and applications of each component. Also, very
often a “superior quality” coating for structural applications is characterized with a high density,
high hardness, excellent wear, corrosion and high temperature resistance. Contrary, for
biomedical applications typically a high porosity of the coatings and free form parts is required,
providing a space for body cells residence. Moreover, along with the elevated level of porosity of
the material, a good mechanical strength is desired as well. In other words, the newly developed
part should have properties sufficient to correspond to the properties of a real bone [79].

Microstructure Evaluation

The Scanning Electron Micrographs of the cross section of the as-developed cylindrical part
(Fig. 37) show that with increase of the thickness of the component the porosity increases as
well. Thus, the image analysis of the microstructure indicates that the top/surface region of the
cylinder has the highest porosity (12 %), compared with the middle region of the component (810 %)
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Figure 37: The porosity of the coating increases with increase of the thickness of the deposition

The variation of the porosity with the thickness of the component is usually explained with the
heat transfer effect in the deposition [51, 52]. Moreover, it is evident that the surface of the
component contains great amount equally distributed spherical pores (Fig. 38). This phenomenon
is highly beneficial for the biomedical applications of the designed component. Thus, it was
certain that the interconnecting pores having an average size of less than 15 μm are appropriate
for the consequent osteoblast infiltration performed on this component [87]. Moreover, the pores
are required to support the bone ingrowth with the implant surface. They provide the required
space for culturing of the stem and any other cells when the biocompatible element is embedded
in the living body. In addition, the pore distribution of the plasma sprayed near net shape part
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also brings the necessary mechanical strength for the synthesis and the growth of the new body
tissue.

Figure 38: Porous surface of the Ceria-Zirconia part is required for bone cells culturing

Fig. 39 shows that there is a very homogeneous distribution of less than 100 nm nano-particles in
the plasma sprayed component; however, some particle coarsening up to 200 nm is observed in
the surface region of the component (Fig. 38).
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Figure 39: Homogeneous distribution of nanoparticles in the sprayed component

Besides, for the biomedical purposes of the component, maintaining the grain size is very
important, since the small grain size is usually associated with the stability of the tetragonal
Zirconia [66]. It is known that Zirconia ceramics exist at room temperature as two polymorphs: a
tetragonal, (t), metastable phase, and a monoclinic, (m) stable phase [60-66]. In general, the
transformation toughening mechanisms in ZrO2 leads to increased fracture toughness due to the
stress-associated phase transformation. Yet, the t-m transformation is correlated with volume
increase, simultaneous increase in the surface roughness and consequent decrease in the wear
resistance [58, 63, 66]. Hence, the incorporation of Ceria leads to stabilizing of the tetragonal
phase with lowering its free energy and driving force for transformation. Undoubtedly, a critical
Ceria content can be correlated with the smaller particle size and better stability of the Zirconia
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phase. Very often a critical concentration of 10 wt % Ceria has been reported as the one leading
to enhanced properties of the Ceria-stabilized Zirconia [65, 67, 68].

Mechanical Properties

Since the bone fractures are often initiated and/or promoted by cracks, the fracture toughness is a
parameter that provides significant information of the resistance of bone to fracture. The SEM
micrographs (Fig. 40) show the presence of irregular shape grains in the plasma spray formed
CSZ component.

Figure 40: Irregular shapes particles on the surface of the component

J. Lee et. al [63] compare this phenomena with the material’s resistance of crack propagation. If
there is transgranular crack propagation, the fracture toughness of the ceramic would increase
due to the associated phase transformation at the crack tips [63]. The t-m transformation is the
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consequence of the increase stress concentrations at the tip [66]. However, such phase
transformation is accompanied with the volume expansion, in this case beneficial, since it creates
compressive stresses and reduce the further crack propagation [66]. Moreover, in the case of the
intergranular crack propagation, the fracture toughness increases because of the increase of the
crack length due to the irregular shapes of the grains [63].

To confirm the advantages of the plasma spraying for manufacturing of free-form-parts with the
desired density and mechanical properties, the hardness and the fracture toughness of the
component were evaluated. The as-sprayed component was characterized with Vickers Hardness
of 6.5 to 7GPa, depending of the volume region at which the tests were performed. The
measured values correlate well with other reported hardness values of 7-9 GPa [79]. The fracture
toughness correspondent to 10 % apparent porosity of the component was calculated as 5.3 MPam1/2. Although the fracture toughness and strength of the bone differs according to the patient’s
age, a bone fracture toughness of 2-12 MPa-m1/2 has been reported [79, 80]. Hence, it can be
concluded that the plasma spray formed Ceria-stabilized-Zirconia part can serve as a scaffold for
bone tissue regeneration, since the mechanical properties are comparable to that of the bone. The
amplified fracture toughness is the key sign that the component will be able to withstand the
body physical influence, and the specific nature of the material would promote the growth of the
cells on the surface.
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Phase Evaluation

Figure 41 presents the X-Ray Diffraction (XRD) examination of the deposition. It is clear that
after the plasma processing the only phase detected was a non-equilibrium tetragonal t phase.
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Figure 41: X-Ray diffraction evaluation of the plasma sprayed Ceria-Zirconia part

In the case of biomedical applications of the Zirconia ceramics usually the humid media (body
fluids) additionally accelerates the t-m transformation [61, 66]. In this research, the existence of
the metastable tetragonal phase in the plasma-sprayed CeO2 stabilized ZrO2 may perhaps be
beneficial for the biological tissue growth as indicated later. Further, no evidence of a t-m
transformation up to date has been recorded in our experiments.
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The elastic strain calculated from the X-Ray diffraction data for the deposition was estimated as
4.07x10-2. Clearly, the different plasma jet gas environments may contribute to different degree
of reduction of the Ce ions in CeO2. During the reduction process and transformation of the Ce+4
to Ce+3 oxidation state the larger radius of Ce+3 ions (0.111 nm), than the Ce+4(0.101 nm) lead to
an increase in the lattice mismatch with the Zr ions (0.084nm). As result of this lattice mismatch
the elastic strain associated would increase as well [68]. It was concluded that the strains
generated in the material may be another reason for the excellent biocompatibility and the
successful stem cells attachment experiment with this material.

Biocompatibility Evaluation

This research show the ability to coat the biomaterial surface with attached living stem cells
isolated from adult tissue, bone marrow. The cells on the material surface were visualized using
staining with green fluorescent dye (Fig. 42). For the transfection of green fluorescent protein
vector, a reposomal-transfection method was used.

For staining with the dye, cells were

incubated in media containing 30 µM of the dye for few hours. In this experimental approach
the Mesenchymal Stem Cells (MSN) isolated from bone marrow are found to have an excellent
adhesion to the implanted plasma formed component providing a bridge between the endogenous
tissue (bone) and the artificial bone part (Fig. 43).
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Figure 42: a) 10X magnification of “Composite” fragment (brightfield), 6b). Merged image with
“Composite” and KJS 147 treated HMSCs with FITC filter set (10X). Composite was washed w/ PBS to
remove unattached cells and adherent cells were viewed under fluorescent microscope

Figure 43: a) KJS 147 treated HMSC along length of “nanobone” rod (10X). b). Merged image with
“nanobone” and KJS 147 treated HMSCs with FITC filter set (40X)
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MSC known as pluripotent cells that self renew throughout an organism’s life are involved in
repair and regeneration of tissue following injury to the bone, heart, and liver [83, 85, 86]. They
also serve many physiological functions including modulating survival, proliferation, and
differentiation of haematopoietic progenitors. These cells have the potential to differentiate and
generate the progenitors for osteogenic (bone), chondrogenic (cartilage), adipocytic (fat), and
myogenic cells (stroma) [81, 82]. Yet, it is known that the cells have especially selective nature,
and are difficult to bind to most materials, including de-calcified real bone. Yet, in this research,
it was proved that the specific chemistry and morphology on the surface of the plasma sprayed
Ceria-stabilized-Zirconia component contribute to the excellent biocompatibility and stem cells
attachment. Since stem cells are capable of differentiating into variety of cells, our experiments
show that as-developed approach provides both the interface between the biomaterial and host
tissue (Fig. 42), but also help the acceleration in the heeling of the wound.

Chemistry Modifications and Cell Adhesion

During the plasma processing of the Ceria-Stabilized Zirconia, it was observed that different
experimental conditions may result in colors from yellow to dark brown of the coating [51, 68].
Nevertheless, it was clear than the color and the associated reduction of the Ce ions can be
effectively controlled during the plasma processing, varying the plasma jet environment.
However, for this particular experiment a component having a larger presence of Ce+3 states was
desired (Fig. 44). It is believed that the presence of the metastable Ce+3 states is one of the major
promoters for the excellent biocompatibility of Cerium oxide [73-75]. The specific chemistry
modification of the plasma sprayed sample was confirmed with the X-Ray Photoelectron
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Spectroscopy (XPS) analysis (Fig 44). The XPS spectrum indicates that the ceria nanoparticles
consist of a mix of Ce+3 and Ce+4 valence states. The major peaks of Ce+3 (3d 5/2) and Ce+4 (3d
5/2), were observed at binding energy values of 881.5 and 898.0 eV respectively.
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Figure 44: XPS 3d5/2 (Phi 5400 ESCA spectrometer) Ceria high resolution spectra acquired on plasma
sprayed Ceria-Stabilized-Zirconia part (a) Dark yellow brown – sprayed in a mix of Ar and H plasma gas
atmosphere (b) Yellow – sprayed in Ar only atmosphere. Note: All data are charged corrected with
respect to C(1s) at 284.6 eV. The major peaks of Ce+3 and Ce+4 were observed at BE values of 885.0
and 889.10 eV respectively
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Because of the larger Ce+3 atomic radius atomic radii 1.010 A (Ce (+ 4), atomic radii 0.870 A)
and the vacancy formation with the transformation (+4) Æ (+3), it is expected that there is a
lattice expansion as a result of the Ce+4 Æ Ce+3 transformation. In general, the distortion of the
lattice size is considerably related to the presence of defects of the volume. Defects such
vacancies change the interatomic spacing and the lattice has the driving force to go under
relaxation toward new equilibrium [56]. In addition, there is an internal interaction not just
between the vacancies and the surrounding atoms, but between the vacancies in the lattice as
well.

In addition, the lattice relaxation is considered due to valence change of Ce from +4 to +3 [53].
The lattice relation in Ceria is favored by its crystal structure. As mentioned before the
stoichiometric Ceria has a loosely packed fluorite crystal structure. It should be noted that the
relaxation could be strongly influenced by the presence of impurities in the Ceria as well. For
example, there is a multiple theoretical and experimental research done on the transformation of
the Ce (+4) to (+3) states with the decreasing the lattice parameter. After the first oxygen
vacancy is created, a second vacancy is formed in such a place so to satisfy the lower energy
state. Then, the second vacancy will go either further away or at the nearest neighbor place from
the first formed vacancy. From the classical thermodynamics point of view the transformation of
the Ceria (+4) to (+3) obeys certain rules governing the total energy minimization. If the system
is in equilibrium additional activation energy is required in order to move an oxygen vacancy
from the Ceria lattice.
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The electronic structures of Cerium and Oxygen in the Cerium oxide are: Ce: 5s2 5p6 6s2 5d1
4f2, and O: 2s2 2p4 consequently. With the transformation form CeO2 to Ce2O3 the following
changes are expected to take place: vacancy formation and localization of the 4-f Ce electrons.
Then, since the Oxygen atoms leave the surface, the lattice parameter will increase, therefore the
volume of the unit will increases as well.
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Figure 45: Oxygen-vacancy formation in the Ce2O3: electron mechanism of the transformation
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In CeO2 (Ce+4) there are two extra electrons on the Oxygen p-bands. When the oxygen atom
leaves (creates vacancy) these two electrons are “left behind”. The two electrons from each
oxygen atom find the lowest possible empty energy state, which is the f-band of Ce. Each Ce
atom acting as a host for the “left behind” Oxygen electrons contribute to the localization of
these electrons. Therefore each Ce+4 with the addition of an electron from the Oxygen atoms may
be transformed to the Ce+3 ions. Thus, the vacancy formation in the interior of the particles is
considered unstable process; therefore, they tend to move toward the surface.

The transformation between Ce+4 to Ce+3 can be explained as a reversible reduction - oxidation
process. Thus, the density of states and the band structure can be related to the quantum effect of
localization - delocalization of Ce 4-f electrons.

In the CeO2 there are narrowed empty Ce-f band in the band gap between the conduction and
valence band. All four valence e- (6s2 5d1 4f1) leave the host atoms (Ce) to be transferred into the
p-bands of two Oxygen atoms. Such process is assumed reversible. The 4-f electrons are
delocalized and transferred to the Oxygen from Ce sites. With the Oxygen atoms leaving to the
surface there are the following changes associated: one Oxygen atom carrying two electrons
leaves two electrons in the f-like empty states. Hence, due to the strong localization of these
states, the f-band splits into two bands. The result from this is a fully occupied band gap. Thus in
the Ce2O3 Ce 4 f electrons are said to be fully localized. Therefore, the ionic conductivity in the
Ce2O3 is expected to be better than in the CeO2. Thus, it has been shown many times both
experimentally and theoretically that the nanocrystalline ceria finds a large range of applications
such as a catalytic agent as well as in fuel cells applications [51].
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The evidences of the transformation of Ce+4 to Ce+4 would be: 1. Increase in the lattice parameter
with decreasing the particle size, 2. Increase in the volume of unit cell, 3. XRD peak broadening
with decreasing the particle size, 4. XRD peak shift toward the lower 2θ values with increasing
the lattice parameter

The two electrons from each oxygen atom find the lowest possible empty energy state, which is
the f-band of Ce. Each Ce atom acting as a host for the “left behind” Oxygen electrons contribute
to the localization of these electrons and each Ce+4 with the addition of an electron from the
Oxygen atoms may be transformed to the Ce+3 ions. Further, assuming electrostatic charge
neutrality, one oxygen vacancy is created for replacement of each two Ce

+4

sites by Ce+3 ions.

The valence change of Ce+4 to Ce+3 and vice versa especially in the nano-size range has been
found beneficial for multiple applications of the Cerium oxide [69-73]. Moreover, in this paper it
was shown that in the plasma sprayed formed near-net-shape part Ce+3 ions are still present,
which may be another key promoter for the excellent bio-cell compatibility of the material.
Hence, the developed advanced scaffolds shows comparable bioactivity, for the first time, and
improved bonding strength to the biological tissues.

Tarnuzzer et.al [74] assumed that the antioxidant activity of nano-size Ceria might perhaps be
due to the continuous reaction cycle (Ce+3 Æ Ce+4 Æ Ce+3) in Cerium Oxide. In this research it
was concluded that similar reduction-oxidation mechanism is the promoter of the excellent
biocompatibility and stem cells growth on the surface of the plasma formed component. Indeed
the porous nature of the plasma sprayed component allows the stem cells to “seed in” and attach
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on its surface. It was successfully proved that the material could be used as a scaffold for tissue
regeneration applications possibly due to the nature and the specific chemistry of the
consolidated material.

4.1.4. Conclusions

In this work the benefits of the plasma nanomanufacturing of the near-net-shape components for
bone tissue engineering applications were demonstrated. Using plasma spray forming techniques
a specific shape and size part, resembling a bone component was designed. Further, the biomedical experiments showed that the material can serve as an advanced scaffold for the cells
isolated from adult bone marrow. Regardless the high selectivity of the stem cells, it was shown
that the as designed material is capable of providing the environment for attaching of the cells on
its surface. Thus, the component can effectively function as a “repairing” element when the
spontaneous healing of the bone can not occur. It was shown that its excellent properties are
related to the specific Ce ion reduction-oxidation reactions, the phase transformation of the
Zirconia, the exact porosity and excellent mechanical properties. The as-designed material can be
successfully used in important bone tissue or repair applications. Thus, it is believed that the as
designed component may solve many problems the bio-medical industry is currently facing.
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4.2. Plasma Deposited MCrAlY Coatings on Ti - Implants

4.2.1. Introduction

Because of the excellent mechanical properties, Ti and its alloys have been widely used in the
medicine as bone implants [90], hip joins [88], knee joints [89], etc. Indeed, there is an existing
problem with the bonding of the living bone and the implanted material. Although Ti and its
alloys are known to have a good corrosion resistance, ion release of Ti-based implants has been
reported in a few studies [99, 100]. It should be noted that corrosion and dissolution of oxide
films can be the two major sources of released ions of metallic implants in vivo [101].

Since nearly all metallic materials are bioinert, they are consequently not osteoconductive
leading to no surface stability. In fact many in vivo tests of metallic materials have shown that
fibrous tissue forms at the interface between the implant and bone tissue, which can worsen
micro-movement of the implant and lead to subsequent failure [91]. In contrast, the
Hydroxyapatite, Ca10(PO4)6(OH)2 has excellent bioactivity, and the capability of enhancing bone
ingrowth in vivo [92]. Therefore, it is believed that the Hydroxyapatite (HA) coated titanium
alloys, especially Ti6A14V, can be classified as a promising implant system for various
orthopedic and dental applications [96-98].

For enhanced biocompatibility, a surface layer of HA is highly efficient due to its chemical
similarity with the mineral portion of hard tissues. The applied HA coating greatly influences the
bonding of the bone and the implant, at the same time increasing the biocompatibility of the
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implant [93-96]. However, along with its excellent biocompatibility, the mechanical reliability of
pure HA ceramics is always an issue. For example, the fracture toughness, KIC of HA ceramics
does not exceed a value of ~1MPa.m1/2, as compared with 2-12 MPa.m1/2 for human bone.
Therefore, numerous studies have been conducted in order to find the correct system and
materials to apply along with the HA.

In this experiment a Ti6A14V plate was plasma spray coated with MCrAlY powder. Later, a HA
layer was electrophoretically deposited on the as-sprayed system. The developed coating system
is believed to create a strong bonding between biocompatible Hydroxyapatite (HA) layer and the
Ti-substrate. Thus, it leads to a stable interface, improved corrosion resistance and integral HA
structure for various orthopedic applications of the system. Also the as-designed system of
Ti6A14V coated with MCrAlY powder and HA would assess a high bone growth rate. The
ultimate goal of this experiment is to bring to minimum the ion release, enhance the
biocompatibility, create phase-pure HA coating, good interface stability, and superior interface
bonding strength suitable for orthopedic and dental applications. The research goal is to define
an apatite coated titanium system with low Young’s modulus of Ti6Al4V, high corrosion
resistance of the intermediate layer, and excellent biocompatibility of HA. In addition, the
understanding of the correlation between the structure of the intermediate layers and the bonding
strength of the coating system is important for this research as well (Fig. 46).
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Figure 46: MCrAl plasma sprayed is deposited on the Ti6Al4V substrate and additionally coated with
Hydroxyapatite

The reason for the MCrAlY alloy selection lays in its functions as Alumina forming alloy which
has high oxidation resistance due to the formation of a dense, adherent α-alumina layer on its
surface when exposed to high temperature [102-104]. During the MCrAlY deposition and
oxidation, a dense, adherent α-alumina layer would grow on the MCrAlY surface, and strong
nano whiskers are expected to be formed on the surface of the α-alumina layer. The whiskershaped Alumina formed at the interface will provide a strong bonding between the HA coating
and the metallic substrate [106-108]. A big advantage of the α-Alumina layer formation for the
present experiment is its excellent biocompatibility and corrosion resistance. The essential HA
coating is created in the post-sintering process of electrophoretic deposition by both using nanometer sized HA particles and growing a dense, adherent Alumina layer at the interface to prevent
Titanium ions from migrating to the HA coating.
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4.2.2. Experimental

Plasma Sprayed Coatings

In this experiment 1x1” coupons 1/16” thick Ti6A14V were coated with a MCrAl (M = Ni or
Fe) coating using thermal processing techniques: either wire arc or plasma spray methods. The
purpose of the coating is to provide the proper interface and bonding with the next layer of
biocompatible Hydroxyapatite (HA). The thermal spraying generates splats with specific shape
and morphology during the impact with the substrate, influencing the properties and the
performance of the developed coatings. Therefore, manipulating the thermal processing
parameters it is possible to design the desired morphology of the coating.

Wire Arc Spray

A commercial FeCrAl alloy, AlCro, Praxair/TAFA was wire arc sprayed on the Ti-substrates
using the 8835 Gun (Praxair/ TAFA). The parameters were selected as following (Table 7):
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Table 7. Wire arc processing parameters of FeCrAl wire

Gun

8835

Material

Alcro

Current, A

175

Voltage, V

32

Primary Gas/ Secondary Gas, psi
Standoff Distance, in

50/ 40
4

Plasma Spray

A mix of 90 wt % Fe87Cr13 and 10 wt %Al powders was prepared and then plasma sprayed.
The details of plasma spraying are discussed in details elsewhere [1, 2]. In this experiment
Praxair/TAFA SG 100 plasma gun with standard cathode and anode were used for coating
deposition. Most of the coatings were applied on square 1x1” 1/16 in. thick Ti-substrate.
However, due to the size and specifications of this substrate it was difficult to withstand the
high temperature oxidation temperatures. Therefore, for the high temperature oxidation
experiments a 410 steel substrate was used. To investigate the effect of the plasma processing
parameters on the coating properties and quality, two different plasma gas atmospheres were
applied as following (Table 8):
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Table 8. Plasma processing conditions for deposition of the MCrAl coatings

Sample 1

Applied

Primary

Second.

Net

Current

Gas

Gas

Energy

800 A

Ar,

none

8 kW

Volts

26 V

80 SCFH
Sample 2

800A

Powder

Carrier

Feed

Gas

2.5

13 SCFH

RPM

Ar,

H,

13 kW

70 SCFH

5 SCFH

37 V

2.5

13 SCFH

RPM

Oxidation Kinetics

It is believed that whiskers formed during the oxidation of the FeCrAl help the adhesion of the
HA layer, thus providing the strength and the desired properties of the interface. The oxidation
mechanism of the FeCrAl alloys is discussed in details elsewhere [117, 118]. An electronic
microbalance (Sartorius AG, Model LA 230P, precision of 0.1 mg) attached to a computer was
used to record the continuous mass change of the specimen as a function of time. Isothermaloxidation studies were conducted at temperature of 915oC for 50 hrs. For comparison and
repeatability of the previous experiments, a 1x1” square piece of Hoskins 875 fiber (US Filter,
Deland, FL) was also oxidized. The composition of the fiber was as following: 5.5Al 22.5Cr
0.5Si 0.1C 0.01Y, Fe-balance.
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Anodization

The solution for anodization was prepared of 480.1 ml de-ionized water + 17 ml H3PO4 (85%)
acid + 2.9 ml HF (49 – 51%). The sample was positioned on the side of a flat cell to expose 1
cm2 area to the electrolyte. The flat cell is a special cell designed for corrosion testing of the
materials. It has a slot for metal samples carefully designed so that only 1cm2 of the sample
surface is exposed to the electrolyte. The other side of the flat cell contains platinum electrode
which has an area of 1 cm2 so that the current observed directly gives the current density. The
FeCrAl Titanium coated system acts as anode and Platinum as cathode. The experiment is
performed for 75 minutes with a voltage of 18 V. The observed current density is approximately
1.0-1.3 mA/cm2.

Morphological Characterization

The microstructure of the as-designed component was characterized using the JEOL 6400
Scanning Electron Microscope with an accelerating voltage of 10 kV. The coating cross section
was viewed by an FIB machine (FEI 200 TEM) using a liquid gallium metal ion source in
vacuum of 10-9 Torr. The detailed microstructure and interface were examined with the TEM
microscopy (FEI Technai F30 TEM).
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Structural Characterization

A Ridaku D/MAX X-Ray Diffractometer using a Cu Kα radiation operated at 40 kV was
employed for phase characterization of the powder and the spray formed component.

Electrophoretic Deposition of HA

Ca2+ and HPO42- concentrations of the solution were adjusted to 12.5 mM and 5 mM,
respectively.

The

SBF

solution

was

buffered

using

4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (Hepes), and the initial pH of the solution was adjusted using
hydrochloric acid. The 100 ml m-SBF was placed in a sealed 100 ml bottle to prepare apatite
coatings. The formation of the coating was carried out at a temperature of 40ºC. Being soaked
for 24 h, the substrates were removed from the SBF solution, gently washed, and air-dried for
overnight.

4.2.3. Results and Discussions

In this experiment the Fe87Cr13 powder was mixed with Al in ratio 9:1. It is believed that the Al
concentration would be the important factor in the growth of the protective Aluminum oxide
layer. In general the higher the Al concentration, the higher oxidation rate and thicker oxide
scale would be expected [120]. However, it should be taken into account the effect of the Cr
content as well. The mechanism of the growth mechanism of Alumina on the FeCrAl has been
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studied for years, and has been proved that the Cr additionally promotes the formation of the
Alumina layer also.

However, for biomedical applications materials heavy metal ions such as yttrium and chromium
are known to be highly cytotoxic even in small concentrations. They are usually generated as
result of the corrosion of the FeCrAl which is additionally stimulated in aggressive
environments such as body fluids. Therefore, before this material can be used, it is suggested to
be coated with more biocompatible layer of HA and their properties and performance to be
evaluated in body type environments. Also, the properties of the FeCrAl layer needs to
withstand the body mechanical influence. In other words, the as-designed system needs to meet
the requirements for mechanical properties, Young’s modulus, ductility at room temperature,
ultimate tensile strength, etc [120].

Also, for a long time exposure in aggressive environment the oxidation behaviors, especially
the formation of protective oxide layer of Alumina needs to be investigated. It can be seen that
the surface treatment by thermal oxidation involves the formation of a dense, homogeneous,
and adherent alumina scale with surface-located nodules rich in Fe and Cr. It is known that the
formation of the adherent dense layer of Alumina contribute for enhancing the mechanical
properties of the FeCrAl alloy and increases its applications in room temperature environments
as well [120]. It should be noted that the Alumina layer by itself has very good biocompatibility
and good wear and corrosion behavior. Thus the superior mechanical properties of the asdesigned oxidized FeCrAl plasma sprayed layer, coated with HA would be a potential material
system various medical applications, especially orthopedic implants. Therefore, for better
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performance of the coated biomaterials two factors need to be considered: First: the type of the
coating/metal interface, Second: the residual stresses induced by the coating process. The
residual stress distribution depends additionally on geometrical parameters such as the
layer/substrate thickness ratio, shape, and surface roughness.

Surface Morphology and Roughness

It is of critical importance for designing of body implants and prosthesis to understand all
mechanisms leading for their increased properties and performance. Along with meeting the
above discussed requirements such as strength, corrosion resistance and biocompatibility, it is
important first to observe also a simple characteristic such as surface roughness. It is very
important for an implant to have the proper roughness in order to enhance both the adherence
and osteointegration between the bone and the implant.

Figure 47: Dense Wire Arc Coating
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The initial experiments were performed using wire arc technique to deposit FeCrAl coatings.
For this purpose a commercial AlCro wire (Praxair) was wire arc sprayed. As deposited coatings
were further evaluated using SEM and XRD characterization techniques. As can be seen from
the Fig. 47 the surface of the wire arc coatings are rather rough, however denser than the plasma
sprayed coatings. We believe that for the layer of HA to diffuse into the FeCrAl coatings it is
necessary the top layer of the coating to be denser. Therefore, a plasma coating with similar
composition was developed using a mix of Fe87Cr13 and pure Al powders in a ratio 9:1.
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Figure 48: Phase evaluation of the wire arc the plasma sprayed coatings

It can be seen from Fig. 49 bellow that the plasma sprayed coating have also the required rough
surface, however, it is definitely more porous also, required for the diffusion of the
electrophoterically deposited HA layer.
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Figure 49: Surface roughness of the plasma sprayed FeCrAl powders

The performance of the coatings according to the plasma parameters was discussed in details
earlier. The effect of parameters such as power, powder flow rate, gas type and flow rate, etc.
were examined. In this research, the effect of the different gas atmosphere on the oxidation
behavior of the FeCrAl coatings was evaluated. More specifically, the oxidation behaviors of
two samples, one sprayed with the mix of Ar and H and the other- at Ar only atmospheres were
examined in details.
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Alumina Phase Transformation

Since the oxidation of the FeCrAl is associated with the formation of Alumina scale, the phase
transformation of the Al2O3 needs a brief attention. Alumina exists in a number of crystalline
phases (polymorphs), three of the most important being γ, θ, and α. The α-phase is
thermodynamically stable at temperatures up to its melting point at 2051 °C. However, the
metastable phases are often observed during the alumina growth. The polymorphism can be
successfully used in many applications as for example, the one discussed in this research.

700 C
1050 C
γ ⎯~⎯
⎯→ δ / θ ⎯~⎯
⎯→ α

(30)

The growth mechanism of Alumina is often closely correlated with the type and quality of the
surfaces. The substrate must be effectively chosen in order to promote the nucleation. This
mechanism is associated with the minimum energy principle and simple nucleation and growth
mechanisms and it is highly important both at high and low temperatures. For example, for small
grain size, having large surface energy, γ phase would be energetically preferred, due to its lower
surface energy. With increase the temperature the transformation to α-Alumina is initiated.
Along, the diffusion inside the bulk and along the growth surface is accelerated and the growth
mechanism is favored [124].

The thermodynamic stability of α-Alumina (hexagonal unit cell) makes it the most suited phase
for use in many high-temperature applications. Other important characteristics of α-Alumina are
chemical inertness and high hardness. The elastic modulus and hardness are measured to be ~440
and ~28 GPa respectively. Combined, these properties have made α-alumina coatings and thin
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films important as wear-resistant and high-temperature diffusion barrier coatings. The θ-Alumina
(monoclinic) is metastable and transforms into the α-phase at about 1050 °C. It is less dense than
the α phase with a density of about 3600 kg/m3 compared to 4000 kg/m3 for α-alumina.

Due to low surface energy and, hence, high surface area, γ-Alumina is extensively used as
catalyst supports. The low surface energy also means that the γ phase is surface energy stabilized
when the surface area is high relative to the bulk volume, for example for small grain sizes. In
high-temperature applications a problem with the use of the γ phase is that it transforms into θ at
700-800 °C.

Oxidation Mechanism

The oxidation mechanism of the FeCrAl most likely is associated with the formation of support
oxide layer of α-Alumina. It can be seen that the mass gain in both of the samples is different,
possibly due to the alpha phase formation. The alpha phase is very dense and adherent,
therefore, the rate of oxide growth at 915oC would be much lower for the case of the sprayed
coating in Ar only atmosphere (Fig. 50). The phase transformation between α, γ, θ Alumina has
been studied extensively and it is widely known. In our case it is believed that the small
whiskers formed during the oxidation of the FeCrAl coating are perhaps γ – or θ- Alumina. The
isothermal-rate constant for oxidation of sample 1 is lower than the sample 2. Therefore at 915
C, a larger amount of metastable phases of Alumina is formed in Sample 1.
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Figure 50: Oxidation kinetics of the samples sprayed at two different plasma gas atmospheres

According to the classical Wagner oxidation theory the scale growth follows parabolic time
dependence curve if oxidation is controlled by the diffusion of metal and/or oxygen ions through
the oxide: x 2 = k .t , in which x is the scale thickness, t the time, and k the parabolic oxidation rate
constant. For oxygen uptake per unit area, the above equation is usually written as (31):

h 2 = 2 K p .t

(31)

Where h is the thickness, t is the time and Kp is the parabolic rate constant [121]. The oxidation
and growth mechanism of the Alumina scale is a diffusion controlled process, where the Kp
contributes for outward diffusion of cations during oxidation. Usually the anion-controlled
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diffusion occurs inward (oxygen diffusion), while in the cation-controlled diffusion, the Al ions
diffuse outwards. The Al ions diffusing outwards through the oxide layer meet the Oxygen ions
diffusing inwards along the oxide grain boundaries. As a consequence, the induced stresses differ
for the inward and outward diffusion mechanisms (Fig. 51). Sometimes inclusions of Yttrium
ions may reduce the stresses generated in the oxide and restrain the development of the oxide.
Diffusion along the grain boundaries; limited by the slowest diffusing species was most likely
occurring as opposed to lattice diffusion due to the large grain-boundary area relative to the bulk
volume of the coatings.

Top layer

Initial

εzz
εxx

Substrate

Figure 51: Surface conditions for whiskers formation
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Substrate

Whiskers Formation Mechanism

The surface of the plasma sprayed FeCrAl coatings is visibly smooth, possibly due to the dense
alpha Alumina layer formation. However, after oxidation at 915 C for 50 hrs, the formation of
whiskers on the surface is clearly seen (Fig. 52). The mechanism of whiskers development is
still not completely understood, however the possible reasons for the formation most often are
summarized as: release of compressive stresses, residual stresses in the coatings, intermetallic
formation; mechanical influence: bending or stretching, thermal expansion coefficient (CTE)
mismatch, etc. The thermal expansion coefficients of the γ-Alumina and FeCrAl layers are 7.8–
8.5x10-6 and 13-15x10-6, respectively.

Figure 52: Surface of the FeCrAl plasma sprayed coating: a) Before and b) after oxidation
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Further, the effects of the processing conditions on the whiskers formation mechanism were
studied. The results from the study are summarized on Fig. 53 bellow.

SAMPLE 1: 80 SCFH Ar, No Secondary

SAMPLE 2: 70 SCFH Ar, 5 SCFH

SAMPLE 3: 70 SCFH Ar, 5 SCFH H, Anodized

Figure 53: Difference in the oxidation behavior and whiskers formation according to the spraying
conditions
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It can be seen also that there is a difference between the surfaces of the samples sprayed at
different plasma atmospheres. Along with different rate of oxidation (Fig. 54), it is shown that
the size and the shape and whiskers formed on the surface of the Sample 1 (Ar atmosphere) and
Sample 2 (a mix of Ar and H gas atmosphere) (Fig. 54 a) and b)) is not similar. It was shown
again that the different plasma atmospheres contribute to different chemistry and morphology of
the coatings, which on the other hand contributes to different degree of whiskers formation as
well.

Figure 54: Higher magnification of the whiskers formation on the surface of the samples

It can be seen from the micrographs that the whiskers formed on the plasma sprayed surface
have different shapes and lengths, in some regions less present than in others. Perhaps, the
distribution of stresses and the chemistry of the coating surface influence the whiskers
formation. The outward-diffusion of Al ions is clearly different in both cases. It is a likely
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scenario that the stresses generated in the plasma coatings additionally stimulate the Al ions
diffusion.

These stresses might be one of the major reasons for the whiskers formations. To investigate
this phenomena a commercial Hoskins fiber was also oxidized at exactly the same oxidation
conditions (Fig. 55).
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Figure 55: FeCrAl Fiber Oxidized at 915 C for 50 Hrs

It was apparent that the length and the size of the whiskers formed on the plasma sprayed and on
the fiber surface are very different. The diameters of the whiskers formed on the oxidized
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plasma sprayed surface vary between 1 and 5 microns, some of them having length of few
microns. However, the whiskers formed on the Hoskins fibers, again perhaps γ- and θ-Alumina,
thinner, with diameters in the nano-size range up to 1 micron, much smaller in length also. The
reason for this discrepancy is perhaps correlated with the stresses generated in both of these
materials.

The deposition during plasma spraying is associated with multiple interrelated

stresses: residual, compressive, quenching, etc. The mechanisms of these stresses are discussed
in details elsewhere [125]. Also the process of particles deposition and solidification is
associated with complicated chemistry composition changes and morphology modifications
[122, 125] as discussed in the previous chapters.

The whiskers nucleate and grow as result of stress concentrations, in the regions of severe
localized deformation, especially on the surface of the material. With the formation and growth
of the oxide layer, the new grains form as whiskers to relax the compressive stresses on the
surface of the material. This process continues until the compressive stresses are reduced, or until
equilibrium is reached. It is believed that additional stresses arisen as result of the thermal
oxidation additionally stimulate the growth of the whiskers. It should be noted that the formation
and growth of the whiskers during recrystallization differs from the classical recrystallization
processes. During classical recrystallization process the driving force for grain growth is
reduction of the interfacial energy of grain boundaries. However, during the whiskers growth
process the normal grain growth is reduced, “abnormal” growth is likely and only certain grains
occur to grow [123].
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From the micrographs of the oxidized surfaces of the FeCrAl coatings it can be seen that there
not an equal growth of whiskers on the surface. Therefore, there are certain structural
requirements, stimulating the whiskers growth. Certainly there is a minimizing in the energy
state as result of the different grain orientation. The minimizing of the free energy at specific
points stimulates the diffusion process from high to low energy state [123]. Although with the
whisker growth, new surface area is created which increases the surface energy of the system,
the grains having low surface energy will grow preferentially, leading to reduction in the total
energy of the system. Thus, the energy released by whisker growth must be greater than that
required for creating additional surface area [123].

To study the phase transformation of the samples after the oxidation of the samples and possibly
to correlate with the morphology of the oxidized surface and whiskers shape and sizes, an XRD
characterization was used. As can be seen from Fig. 56 the oxidation of the surface and whiskers
formation is accompanied with significant phase transformation in the coating. However, the
effect of the plasma processing gas atmospheres is very clearly seen again.
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Figure 56: Phase transformation of the oxidized FeCrAl coatings generated at different plasma gas
atmospheres
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It can be seen that the peak intensity of the alpha phase of Alumina is larger in the oxidized
sample 1, compared to the Oxidized sample 2.

After the FeCrAl coating was deposited on the Ti6Al4V substrate, the as-designed system was
coated with Hydroxiapatite layer using electrophoretic deposition. The surface of the
Hydroxyapatite (Fig. 57a) show that the HA layer contains high porosity. An FIB technique was
used to cut the sample, look at the cross section and prepare for TEM analysis. Fig. 57 b obtained
from the FIB analysis shows cross section and there distinct 3 layer formation: Ti6Al4V, FeCrAl
and HA on top.

Figure 57: a) Surface of the HA layer, b) cross section shows layered structure

135

Further TEM analyses was conducted in order to study the stable interface between the FeCrAl
and the HA layer in particular (Fig. 58, 59). The EDX (Fig. 60) taken at different regions of the
interface and the HA coating indicates that the HA has diffused into the FeCrAl coatings and
creates a stable bonding and interface.

Figure 58: TEM analysis shows the interface between the HA and the FeCrAl coating

Figure 59: TEM analysis shows the detailed interface, particle size and the Grain Boundaries in the HA
layer
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Figure 60: a) EDX at the interface point indicating the FeCrAl, trace of Ca and Pt, b) EDX at the top layer
(HA) indicating the Ca and P presence
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4.2.4. Conclusions

In this research a novel system with Ti6Al4V alloy as the substrate, pre-oxidized FeCrAl alloy as
the intermediate layer, and HA coating as the top layer was developed. During the pre-oxidize
treatment, a dense, adherent α-alumina layer was grown on the FeCrAl surface, and strong nano
whiskers were formed subsequently on the surface of the α-alumina layer. This outcome of this
research is: a coated titanium system with low Young’s modulus of Ti6Al4V, high corrosion
resistance of the intermediate layer, and excellent biocompatibility of HA. Also, the whiskershaped alumina formed at the interface provide a strong bonding between the HA coating and the
metallic substrate. The corrosion resistance of the Ti substrate improves by coating a layer of
FeCrAl alloy and subsequently producing a dense adherent surface layer of alumina. The as
developed system improves the bonding strength between HA coating and Ti6Al4V alloy by
growing a thin whisker-liked layer at the interface.
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4.3. Wire Arc Processing on Nano-Based Steels

4.3.1. Introduction

Increasing requirements for the integration of light-weight, high-strength materials for
multipurpose applications is fueling the demand for advanced material development. Therefore,
in order to design a high-strength and reliable material, it is necessary to understand how its
microstructure and strength evolve during fabrication along with its potential applications. The
nanostructured materials are extremely interesting for their high strength and important structural
applications [109-114]. With the intention of introducing such unique materials, a development
program into new wires for arc spray coatings was launched which contain a mixture of
nanocrystalline and amorphous phases. The properties and the specifications of each wire were
designed, analyzed, and then tailored according to the customer and market requirements.

For the present study, three different Fe-based cored wires were used with compositions Fe-C-BMo-W, Fe-Cr-Mo-W-B and Fe-Cr-B-Mn-Si corresponding to the TAFA designations
100MXC™, 110MXC™, and 95MXC® respectively. Their performance was evaluated with
three different TAFA wire Arc Spray systems; the Model 8835, Model 9000 and the new
advanced 9935 CoArc™. The TAFA 95MXC wire is already widely known and used in many
coating applications with proven success. The aim of this paper is to present in-depth research
and analysis of the new TAFA nano-composite 100MXC and 110MXC wires, the science behind
the developed coatings, and their properties and possible applications.
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Compared to the conventional steel performance it has been proven that the hardness of a newly
developed steel which retains nano-phases exhibit even higher toughness and increased ductility
[114]. It should be noted that there is a major difference between the characteristics of the Fenanobased coatings from the conventional steel [114]. The widely known mechanism of
transformation of austenite γFe to martensitic structure during solidification is “substituted” in
the case of amorphous and nanocrystalline phases by the process of glass devitrification [109114]. The amorphous structure containing a random arrangement of atoms is typically referred to
as metallic glass structure [109-114]. Because of the glass devitrification, the rate of formation
of small nuclei is very high. This leads the formation of fine nano-precipitates in the steel
matrix. In addition, in conventional steel the solubility of alloying elements is very limited.
However, in “metallic glass” steel it is possible to dissolve various elements to alter the resulting
microstructure and properties of the coatings [114].

To characterize the thermal stability of the investigated material, the transformations are usually
determined according to the glass transition and crystallization temperatures. The transformation
is associated with either exothermic or endothermic reactions. The newly developed materials,
100MXC™ and 110MXC™, show the following phase transitions [Ref: Nanosteel, Co] (Table
9):

140

Table 9. Phase transitions in 100 and 110 MXC wire.

Material

100 MXC

110 MXC

Glass Transition T, oC,
Exotherm 1
Glass Transition T, oC,
Exotherm 2
Glass Transition T, oC
Exotherm 3

Onset 566
Peak 571
Onset 614
Peak 638
Onset 786
Peak 807

Onset 602
Peak 616
Onset 653
Peak 672
Onset 785
Peak 798

Melting T, oC
Endotherm 1

Onset 1162
Peak 1171

Onset 1161
Peak 1184

Melting T, oC
Endotherm 2

Onset 1185
Peak 1187

None

In order to utilize the special properties of the metallic glass structure, a proper methodology to
prevent the crystallization and the consequent grain growth should be applied. Yet, wire arc
spray is highly beneficial due to rapid solidification of the spray droplets. Because of the rapid
solidification, the time required for nucleation and growth of the particles is very limited.
Therefore, the conditions allow the formation of large number of small nuclei and further fine
nanostructures.

The crystallization of an amorphous phase may undergo additional

transformations to either another amorphous material, to a high strength composite, or to a mix
of a nanocrystalline and amorphous phases [111, 112]. Therefore, by controlling two of the most
important parameters, the time and the temperature of crystallization, one can produce a fine
grain material with enhanced properties.

141

Nevertheless, there is still a complexity associated with the preparation, consolidation and
manufacturing techniques of nano-structured coatings. However, it is believed that, the
development of new nano-composite materials through wire arc spray could solve many wear
and corrosion problems. Research has shown that industry requirements for increased hardness
and wear resistance can easily be achieved through decreasing coating grain size down to
nanometer range. In conclusion, due to their unique structure and superior mechanical properties,
nano-composite materials can successfully replace many conventional materials [114].

4.3.2. Experimental

4.3.2.1. Wire Arc Technique

The wire arc spray can be described simply as a process of melting a wire within an electric arc
(Figure 64). During the process, temperature as high as 4000oC (7232 F) is reached, and the
melted wire particles get accelerated toward the substrate with the high-velocity gas stream.
During the impact with the substrate these particles undergo deformation and rapid solidification,
thus forming lamella-like microstructure of the coating [116]. Because of the high temperature,
full melting of the wire is achieved, leading to a better bonding with other high melting point
materials.
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Compared to other thermal spray methods, wire arc spray is considered as a simple, low cost –
high assessment system. The conventional coatings generated with the wire arc usually do not
posses high strength (Fig. 65), however, as shown in this research by selecting the correct
chemistry and wire arc spraying parameters a high performance coatings (close to the HVOF
ones) can be developed. The benefit of the HVOF process lies in the high density coatings,
usually under 2%. Yet, this research showed that, depending on the spray parameters, the wire
arc sprayed 100MXC™ and 110MXC™ coatings show porosity as low as 1.0 to 2.5%.
Therefore, it can be clearly seen that the wire arc spray process can be effectively considered as a
competitive, inexpensive and a very efficient thermal spray method. The deposition efficiency
of the wire arc spray is significantly higher than HVOF, the cost of the equipment and the
consumables are lower, at the same time the coating quality of the newly developed wire
materials is remarkably superior.

4.3.2.2. Coatings Development

The performance of the new wires was analyzed through three different wire arc systems: TAFA
Models 8835, 9000 and the new advanced 9935 CoArc™. The spray parameters for each system
were adjusted for each particular material; however, for experimental purposes the following
common spray conditions were selected: 32-36 Volts DC, 175 Amps, and 60-75 psi (4.14-5.17
bar) primary atomizing gas pressure.
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The effect of the ArcJet® spray attachment’s secondary atomizing gas pressure on the coating
quality was also studied. When secondary atomizing gas was used, the primary and secondary
gas pressures were changed to 50 and 40 psi (3.45 and 2.76 bar) respectively. These parameters
were found to produce the best combination of coating properties such as: high hardness, low
porosity and wear resistance; however, they are subject to modification depending on different
application’s coating requirements.

In the present experiment, 410 stainless steel coupons of 1 x 1.5” (25.4 x 38.1 mm) rectangular
size by 0.248” (6.3 mm) thickness were coated using a wire arc spray process. It is estimated
that the coefficient of thermal expansion of the 100MXC™ and 110MXC™ coatings are within
approximately 14.5 x 10-6 deg. C, comparable to the steel substrate.

This similarity of the

thermal expansion rates can be considered a major reason for the excellent adhesion of the
coatings. Therefore, for better coating bond strengths, the thermal expansion difference between
the substrate and that of the coating should be kept to a minimum.

Also, the coating thickness was carefully selected depending on the substrate conditions. It was
assumed that the optimum coating deposition for these experiments should be 0.020” (0.5 mm)
depending on the thermal expansion difference between the coating and the substrate, as well as
the thickness of the coating and the substrate. In general, the residual stresses generated in the
coating are highly dependent on the nature of the sprayed material and the substrate. If the stress
generated due to the thermal expansion coefficient mismatch exceeds the adhesive bond strength
of the coating to the substrate and the cohesive bond between the particles, the coating may
delaminate from the substrate.

144

4.3.2.3. Characterization

The coated samples were cut, mounted, polished and the cross section was examined. The
characteristics of the cored wires and the as-sprayed coatings were evaluated using the JEOL
6400 Scanning Electron Microscope with an accelerating voltage of 10 kV. Optical microscopy
and Image analysis software yielded the specific morphology and the porosity of the cross
section of the component. The hardness of the coating was measured using a Vickers hardness
tester with a normal load of 300 g and the bond strength was estimated using a tensile testing
machine. Bond strength, as a measure of coating thickness, was studied using ASTM C 633
tensile test method. Focused Ion Beam (FIB) technique was used for preparing thin Transmission
Electron Microscopy (TEM) specimens from the nano-based steel coatings. TEM was performed
to observe the retention of nanosize grains, their morphology, and physical phenomenon
occurring in the wire arc sprayed coatings.

4.3.3. Results and Discussion

Coatings of 100MXC, 110MXC and the old 95MXC cored wires (Fig. 61) were produced
through three different wire arc systems: TAFA Models 8835, 9000 and 9935 CoArc™.
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Figure 61: a) Cross section of the cored wire, b) High magnification SEM micrograph shows
homogeneous distribution of the powder particles inside the rolled wire sheet.

For the purpose of designing a coating for a specific application with the desired density and
mechanical properties, it is of crucial importance to understand the role of the spray parameters
for controlling the densification of the coating. The complete correlation between thermal
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processing of the material and properties of the resulting coating were subject of continuous
study. The results presented in Fig. 62 and Table 10 were generated by varying the voltage, spray
air pressure, the air caps and nozzle positioner. Multiple experimental trials showed that the
green air cap and long cross nozzle positioner (G/LC) produced the optimal coating performance
for the three wires.

Figure 62: Hardness of the wire arc sprayed TAFA 95, 100 and 110 MXC coatings.
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Table 10. Porosity of the wire arc sprayed TAFA 95 MXC compared with 100 and 110 MXC

Processing conditions
Material

36 V,
50 psi,
G/LC

36 V,
30 V,
75 psi,
50/40 psi,
G/LC
AJ
Porosity Variation, %

95 MXC

2.7

2.2

1.8

100 MXC

2.4

2.1

1.5

110MXC

2.3

2.0

1.4

Table 10 and Fig. 63 show that with the addition of the ArcJet spray attachment secondary spray
gas the coating quality is significantly increased by having less porosity and much higher
hardness. Further, the relation between the gas stream and the coating quality was studied. The
improved coating quality from the introduction of a secondary spray gas has been previously
discussed in other research [115, 116]. It is believed that the addition of the ArcJet secondary air
increases the atomization of the molten particles and thus produces smaller droplets. Because of
their smaller size, these droplets have higher velocity and higher temperature. Hence, at impact
with the substrate they will form much smaller lamellas and denser coatings which consequently
will have higher bond strength as well.

The properties of the thermally sprayed coatings are directly related to the velocity and
temperature of the particles, substrate preparation, and part cooling during and after spraying.
Correspondingly, the particle characteristics greatly influence the coating porosity and
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morphology, adhesion to the substrate and cohesive bonding between the particles. For any
thermal spray process, the deposition of the droplets on a substrate is directly influenced by the
following factors: the condition of the droplets (temperature, velocity, and size), the substrate
surface condition, and phase transformation (solidification) at impact [117-119].

During the thermal spray process the characteristics of each particle in-flight contributes to the
specific properties of the coatings. Usually, the particles form a lamella-like structure upon
impact with the substrate. The structure formation is highly dependent on the solidification time
at impact.

The splat configuration of the droplet is one of the key parameters for the

densification of the coating. The degree of splat flattening and deformation would depend on the
material’s parameters such as: melting temperature, viscosity, density, impact angle, and velocity
[118].

The velocity characterizes the degree of melting and the kinetic energy available when the
particles reach the substrate. A high degree of melting as well as high kinetic energy can ensure
deformation of the particles on the substrate, and it can control the porosity and the
microstructure of the coating. In addition, the thermal spray processing parameters such as gas
flow rate, wire feed rate, voltage, current, etc. can directly influence the degree of melting and
the kinetic energy available. A high density / low porosity coating is usually desired for
improving the performance of many structural materials in the aerospace and automotive
applications. In order to achieve high density coatings, two parameters need to be monitored:
temperature and pressure during processing. The low pressure and temperature corresponds to
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slow atomic diffusion, conversely, high pressure and temperature contribute to high deformation
of droplets which leads to high density coatings [118].

Regardless of the excellent quality of all of the coatings, there are certain differences between the
coatings generated by the three different materials. The microstructure analysis shows that
almost all the coatings have porosity as low as 1.5 to 3 % and are almost free of cracks.
However, it was observed that for all three wire arc spray systems used, the overall coating
quality generated from 100MXC and 110MXC wires were superior to that of 95MXC.

Table 11 shows that coatings from the newly developed 100MXC and 110MXC wires have
higher density, hardness and bond strength when compared to 95MXC.

The calculated

deposition efficiency (DE) of 100MXC and 110MXC was estimated to be more that 10 % higher
than 95MXC coating.
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Table 11. Experimental properties summary, showing the advantages of 100 and 110 over the 95 MXC.

Wire Type

100 MXC

110 MXC

95 MXC

Corrosion resistance

Excellent

Excellent

Excellent

Deposit Efficiency

80%

80%

70%

Tensile Strength, psi

5000-7000

5000-7000

5000-6000

Roughness, Ra

500-700

500-700

500-700

Hardness (DPH 300 g)

900 –1150

900 –1150

700-1000

Density , g/cc

7.7

7.8

6.7

Porosity, % area

1.5 - 2%

1.3 -2%

2 - 3%

It was found that the nano-based coatings show an average hardness of 850 - 950 HV which
could be further increased if a post-heat treatment is applied. Bond strengths were estimated as
high as 35-48 MPa. The 100MXC coatings (Fig. 64a) had fewer cracks and lower porosity than
95MXC coatings (Fig. 63). It might be assumed that the coatings with a higher density, better
bond strength and higher hardness would lead to enhanced corrosion and wear resistance also. In
addition to the higher hardness, 100MXC and 110MXC coatings showed a lower percent of
porosity also (Table 11). For example, 95MXC generated coatings had porosity as high as 2.5 to
3%, while both the 100MXC and 110MXC had less than 2% porosity distribution.
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Figure 63: Both wires generated dense coating: a) 100 MXC and b) 95 MXC, however, the 100 MXC
show higher density and better properties.

From Fig. 64a, it can be seen that the surface of the coating contains melted, partially melted,
spherical solidified droplets; however, the volume of the coating is highly dense (Fig. 64b).
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Further TEM characterization (Fig. 65) showed fine homogeneous nanoparticles distribution in
the coating. The homogeneity of the microstructure is very important, since it leads to restriction
of crack propagation and improved mechanical properties.

Figure 64: Focused Ion beam experiment shows: a) the high density cross section, b) the surface of the
coating.
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As Sprayed

Post Heat Treated
Figure 65: Transmission Electron Microscopy (TEM): a) and b) homogeneous dispersement of fine
nanoparticles, and c) minimal grain growth after post heat treatment
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The advantages of utilizing the properties and performance of nano-structured over conventional
thermal sprayed coatings can be associated also with the nano-coatings’ higher resistance to
crack propagation. During thermal spraying, the droplets of the material are deposited on to a
substrate as splats of varying shapes and sizes with different degrees of melting. In conventional
coatings, applied mechanical influences generate cracks which typically follow the “splat
boundaries”.

However, under a stress condition, the strain created on the nano-structured

coatings is associated with formation of small microcracks [118]. These microcracks are
deflected due to the small nanoparticles before further propagation. This mechanism is very
beneficial because the nano-structured would deform in a more “ductile” manner than the
conventional materials.

Along with the advanced properties of the nanomaterials, some existing difficulties such as grain
growth and grain boundary sliding should be pointed out. The distribution of defects such as
dislocations inside the grains and at the grain boundaries also affects many physical parameters,
such as yielding and plasticity of the coating [118]. However; the amorphous, glass-based
structure of the nano-phased coatings are distinctive and highly effective due to the absence of
grain boundaries and other defects.

It is believed that the resulting full devitrification of the glass state from post-heat treatment
would lead to evenly distributed nano-particles. After post–heat treatment at 800-900° C, a grain
growth from 10 to 50 nm was observed. However, as the TEM photomicrographs show (Figure
70), the particles are still in the nano-regime. Therefore, it can be concluded that the exclusive
nano-features of the original coating are still present. In conclusion, it could be assumed that
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these advanced coatings would potentially transform many technologies currently suffering
challenges in improving the material properties.

4.3.4. Conclusion

The nano-features and properties of the newly developed TAFA 100MXC™ and 110MXC™
coatings were discussed in this chapter. The analysis of the mechanical properties of the coatings
shows hardness values as high as 800 to 900 HV, very high density, and a fine homogeneously
dispersed nanoparticles in the steel matrix. The high-strength and reliability of the newly
designed materials are explained with their unique microstructure, transformation and properties
during fabrication. All of these characteristics of the 100MXC and 110MXC nano-composite
wires make them highly applicable in diverse environments for various industrial applications.
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CONCLUSIONS

Based on the experiments during the generation of the above discussed coatings and free form
parts, according to the literature and other experimental observations, the following conclusions
were confirmed:

Particle Morphology

The microstructure of the plasma sprayed coatings is highly dependent of the powder particles
morphology. The porous powder particles allow the plasma gas to penetrate into the volume of
the particles. As a result, the temperature of the particle is elevated and the melting process is
accelerated. The trapped air inside the particle heats expands and “decomposes” the
agglomerated particles into small fine particles during residence time in the plasma flame. As
discussed in the Chapter 3, the powder morphology plays an important role on the temperature
and the degree of melting of the particles. At impact with the substrate the particles highly
deform if they have high temperature and/or high velocity.

The high temperature (and high melting) of the particles can be achieved with increasing the
powder, decreasing the gas flow, decreasing the powder feeding rate, etc. Particles velocities can
and should be adjusted to insure the “optimum” residence in the plasma flame. As discussed
above, the momentum of the particles is generated due to the energy transfer from the plasma to
the particles. Indeed, this energy will be increased by parameters such as applied current, gas
type and flow.
157

Simultaneously, given that the carrier gas flow controls the trajectory and the velocity of the
particles, it was observed that the flame is “inconsistent” through the length. For example, since
the feeding is either from the bottom or from the top of the gun, if the carrier gas flow is too
high, the flame changes its trajectory through its length. To ensure that the particles fly through
the center of the flame, decrease of the carrier gas is required. Therefore, the key to this situation
is to obtain the balance between the plasma gas temperature and the carrier gas flow in order to
ensure the proper melting and acceleration of the particles. The parameters which ensure the
degree of melting and spreading of the particles at impact are usually experimentally determined,
can be also obtained from the powder manufacturing company and further adjusted for the
specific cases and applications. For example, the parameters initially provided for spraying of the
Ceria-stabilized-Zirconia were generated for developing of industrial scale coatings. They were
further adjusted for the specific biomedical applications in this research.

Applied Current

The plasma power has an important effect on the temperature and viscosity of the plasma flame.
As discussed above, the increase of the plasma power results in higher temperature and velocity
of the plasma gas. Consequently, the increase of the plasma gas means increase in the particle
melting and lower particles viscosity. This would lead to higher density of the coatings.
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Gas Flow Rate

The velocity of the particles increases with increase the primary gas (in this research Argon)
flow since the plasma gas flame velocity is directly proportional to the gas flow rate. At the same
time the increase of the gas flow rate will result in longer plasma flame. As a result, the high
temperature zone will extend, leading to lower degree of melting and decrease in viscosity of the
sprayed particles. This results in higher porosity of the deposition.

The degree of melting of the particles in flight increases with increase the gas enthalpy. The gas
enthalpy is dependent of the type and amount of the gas flow. The higher melting results in lower
surface roughness of the coating, better cohesion lower porosity and enhanced mechanical
properties of the coating. The lower the cohesion between the particles, the higher is the degree
of porosity and the lower the Elastic modulus of the deposition.

Usually Hydrogen gas atmosphere is characterized with higher thermal conductivity than the
Argon one. Therefore, for increase in the radial thermal gradient across the diameter of a particle
in flight, the incorporation of Hydrogen into the Argon plasma atmosphere is suggested. With
this technique the particles (especially the porous ones) will have a higher degree of melting and
may generated denser coatings as well. This technique was proved effective during plasma
deposition of Ceria-stabilized-Zirconia coatings. It was shown in Chapter 3, section 3.3.3.2 that
the coatings generated using Argon and Hydrogen atmosphere have higher density and higher
hardness, compared with the one generated in Argon only atmosphere.
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Mechanical Properties

While characterizing plasma sprayed coating it was seen (Chapter 3) that there could exist
regions of high porosity, and no contact between the particles. The lack of contact between the
particles (pores) can be as result of gas entrapment between the droplets, which on the other hand
is a consequence of the low particles viscosity and low flight velocity. Thus, the low contact
between the particles results in decrease in the mechanical properties of the as deposited
coatings.

Since the porosity of the coatings are highly dependant of the particles in flight, their degree of
melting, velocities and the substrate properties, a control of the porosity can be achieved with
understanding the effect of each of these parameters. As discussed earlier the influence of each
of the above parameters can be modified before or during the thermal processing, hence
optimizing the properties and the performance of the coatings. For example, since the particles
impact with the substrate is an adiabatic energy transfer process, the pre-heated substrate would
reduce the viscosity of the incoming molten particles. With this technique one can control the
solidification of the particles at impact. Usually the preheated substrate leads to lower porosity of
the deposition and better bonding with the substrate. In particular to this research a high porosity
of the coatings and free form parts for biomedical applications was desired, a preheating of the
substrate was not applied.

Further, a low porosity can be achieved with an increase of particles velocities, which can be
achieved with increasing the plasma temperature, carrier, or the plasma gas flow. The higher
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velocities of the particles ensure the high kinetic energy at impact and thus, higher deformation
of the particles, and denser coatings.

An “external” plasma parameter such as the robot/gun position and the standoff distance also
influence the porosity of the coatings. In this work it was found that the porosity of the coatings
and free form parts increase with increase in the standoff distance. The standoff distance can be
adjusted according to the powder type, gun specification, degree of heating and enlightenment of
the plasma. For example, in the specific experiments discussed in this research (Chapter 4) it was
found that the Ceria-stabilized-Zirconia plasma flame is very bright, much larger and longer
compared to the one generated while spraying Alumina powder. Therefore, the standoff distance
of spraying of Ceria-stabilized-Zirconia was larger (~ 6”) compared to the one for Alumina (~
3”). It should be reminded that a high porosity of the coatings was also desired.

For the same plasma parameters, a decrease in the spray distance (standoff) would mean that the
particles will reach the substrate with higher velocity and elevated temperatures. This will result
in increased particles flattening behavior and higher density of the deposition. The particles
flattening can be correlated with the impact temperatures, such that the higher the particles
temperatures, the higher the flattening rate. As a result, the surface roughness of the deposition
will be lower and the mechanical properties would potentially increase as well. This was clearly
shown in the example discussed in Chapter 4.3 in this dissertation.
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Other additional treatment of the coatings after deposition can also result in decreased porosity.
In this regards, usually post annealing, High Isostatic Pressing of the coatings, “sealing” the
coatings using the Liquid Solution Plasma Spray technique, etc. can be applied.

The larger the area of the contacts between the particles (as result of the higher flattening
behavior results in higher cohesion between them), the better the cohesion between the particles
the higher the stiffness and the Elastic modulus of the resulted coating/deposition would be. As
noted above, the melting of the powder is highly dependent on the applied current to create the
plasma. Due to higher power, the degree of melting of the particles in flight increases. The
higher melting results in lower surface roughness of the coating, better cohesion, lower porosity
and enhanced mechanical properties of the coating.

The lower the cohesion between the

particles, the higher is the degree of porosity and the lower the modulus of the deposition. Also,
the increased cohesion between the splats due to the greater degree of melting results in better
corrosion resistance of the deposition.

Specific Examples

In this research it was very important to investigate the effect of the spray conditions on the
development of the Ceria-stabilized-Zirconia, MCrAl and nano-based steel depositions, (Chapter
4.1, 4.2 and 4.3) since they are directly related to the morphology, properties and performance of
the coating/free-form part. The elevated porosity of the plasma sprayed components is highly
beneficial for the bio-medical applications, especially bone tissue growth. The best parameters
for development of porous Ceria-stabilized-Zirconia component were by now established. Also,
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these parameters were varied and the outcome was studied. An exclusive effect of each spray
parameter toward the deposition density, properties and applications was taken under
consideration. It is expected that the current research propose a method for controlling the
porosity, hardness and applications of the Ceria-stabilized Zirconia near-net-shape parts as a
function of various plasma spray conditions.

In section 4.2 of this dissertation, porous coatings of MCrAlY were applied on the Ti-based alloy
substrate. Further, a biocompatible Hydroxyapatite layer was applied using an electrophoretic
deposition. For controlling the densities of the system, it was very important to generate the best
conditions for plasma spraying of both the MCrAlY powder and Hydroxyapatite. The oxidation
kinetics and the mechanism of whiskers formation were investigated. The stresses generated as
result of plasma spraying were correlated with the whiskers formation and phase transformation
of the protective Aluminum oxide layer formed on the surface of MCrAl coating. This study`s
outcomes suggest a useful methodology for improved bonding between the HA coating and the
Ti-substrate. The research defines an apatite coated titanium system with low Young’s modulus
of Ti6Al4V, high corrosion resistance of the intermediate layer, and excellent biocompatibility of
HA. Also, the whisker-shaped alumina formed at the interface provides a strong bonding
between the HA coating and the metallic substrate. The as developed system improves the
corrosion resistance of the Ti substrate by coating a layer of FeCrAl alloy and subsequently
producing a dense adherent surface layer of alumina. It improves the bonding strength between
the HA coating and the Ti6Al4V alloy by growing a thin whisker-liked layer at the interface.
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At last, a wire arc technology for high density coatings was discussed in Chapter 4.3. The
exceptional properties and the performance of the coatings were correlated with their distinct
nano-phase morphology. The chemistry of the designed wires was correlated with the glass
forming ability of the elements, rapid solidification, high nucleation rates and fine nanostructure
design. At present, the coatings were evaluated and applied in different manufacturing
environments. It is believed these coatings may solve many problems the industry is now facing,
especially hard chrome plating replacement alternatives.
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